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Preface

CONTEMPORARY botanical science is characterised by great activity

along many different lines. From time to time, therefore, it becomes

necessary, certainly desirable, to bring together the observations and
conclusions relating to major topics. Embryogenesis in Plants is such a

theme. The embryology of species from different taxonomic groups has

long provided subjects for research by the traditional methods of the

anatomist and histologist, the results in the main being regarded as a

contribution to comparative morphology. There is still scope for further

work along these lines. During recent years, however, new ideas and

experimental techniques have been applied to the investigation of

embryos, and new evidence, some of it of a fascinating interest, and

suggestive of great possibilities for further work, is beginning to accrue.

This statement applies not only to the seed plants but to other groups

also. In the present comprehensive survey—the first of its kind—the

author has described, illustrated, and discussed the embryological

development in all classes of plants, from Algae to Angiospermae,

references to the dynamic aspect and to experimental work being

incorporated wherever possible. An attempt has been made to offer some
explanation of the visible embryological developments in terms of the

genetical, physical, and other factors and relationships which may be

involved, and to show how such an approach promotes an under-

standing of the parallelisms of development, or homologies of organisa-

tion, found in all the major taxonomic groups. The traditional theme

of the bearing of the evidence from embryology on evolutionary and

phyletic theory is also fully considered. It is hoped that the book thus

contains matter of interest to all botanists, teachers and research

workers alike.

Borrowed illustrations are duly acknowledged and here the author

would like to express his thanks to all concerned. Sincere thanks are

offered to Professor P. Maheshwari and Messrs McGraw-Hill, New
York, for the use of illustrations from An Introduction to the Embryology

of Angiosperms, to Professor D. A. Johansen and Messrs Chronica

Botanica Co., Waltham, Mass., for the use of illustrations from Plant

Embryology, to Messrs Macmillan & Co. for the use of illustrations

from books by the late Professor F. O. Bower and Professor D. H.

Campbell, to Professor R. Soueges and Professor A. Lebegue for the

use of illustrations from their Memoirs, and to the Editors and Publishers

of the following journals for the use of illustrations : Annals ofBotany;

vii
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Journal of the Linnean Society; American Journal of Botany ; Botanical

Gazette; Journal of the Torrey Botanical Club; Journal of Agricultural

Research; Biological Bulletin; Growth; Lloydia; Flora, Biologische

Zentralblatt ; Botanische Zeitschrift; Revue Generale de Botanique;

Phytomorphology ; Transactions of the New Zealand Institute; Pro-

ceedings of the Linnean Society ofNew South Wales; and to others with

whom the author has been unable to make contact. The author is also

much indebted to Mr E. Ashby and Mr P. Dawes for assistance in the

reproduction of illustrations and to Mrs M. Lightfoot for secretarial

assistance. Dr A. Allsopp and Dr M. G. Calder have been so kind as

to read some of the chapters and have given the author valuable

criticisms for which he now expresses his gratitude; but the responsi-

bility for the text is his own. Lastly, he is deeply indebted to his

publishers, Messrs Methuen & Co. Ltd for all the assistance they have

given in the production of this book.

C. W. WARDLAW
The University

Manchester

June 1st 1954
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Chapter I

SCOPE AND OUTLOOK

AN embryo was originally defined as 'the offspring of an animal

/\ before its birth (or emergence from the egg),' or, as applied to

plants, 'the rudimentary plant contained in the seed' (1728) {Oxford

Dictionary). In ferns, however, there is no seed; nor is there a well-

defined resting stage, marking the completion of the embryogeny, such

as we find in a dicotyledon. On the contrary, the fern embryo grows

and develops without interruption until it emerges from the gameto-

phyte tissue and becomes established as a free-living sporophyte; and
similar developments are characteristic of the embryos of other

Archegoniatae. Some elasticity in the use of the term is therefore

desirable. There are also occasions when it may be useful and desirable

to extend the survey of development beyond the strictly embryonic

phase. The terms embryo and germ have come to connote the initial

developmental phase in all classes of plants and it is with a compre-

hensive survey of this kind that this book is concerned. Since germs

may develop from spores as well as from fertihsed eggs, the scope and
flexibihty of treatment thus afforded will admit of comparisons being

made of the early developments of the sporophyte and gametophyte

generations of archegoniate plants, and of thallophytes and vascular

plants. Such a survey should both broaden and render more critical our

knowledge of embryogenesis, i.e. the inception and formation of the

embryo or germ. This may perhaps appear an undesirable extension of

the conception of embryology but it is justified by the facts and by the

interest of the inferences that can be based on them. This survey, then, is

concerned with all classes of plants, and not simply with the Embryo-
phyta, i.e. organisms with an enclosed or contained embryo (comprising

archegoniate and seed plants), as defined by Engler and by Campbell.

There are many reasons, both general and particular, why such a

survey should be made, especially at the present stage in the develop-

ment of botanical science. In any undertaking, it is wise counsel to

begin at the beginning; and so it is in the study of plants. There is, of

course, no absolute beginning, for life is essentially a continuous

process. But, in all classes of plants, there is a recurring sequence of

phases. Those phases which have their inception in the germination

of a spore, or in the development of a fertilised ovum, constitute new
beginnings and afford the botanist opportunities for investigating the
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growth, development, assumption of form, differentiation, and func-

tional activities of organisms, from their small and relatively simple

unicellular state to their large and complex adult state. Studies of

embryos thus provide essential information on the inception of the

varied form and structure of plants.

If our aim is to seek unity in the great and wonderful diversity

which we find in the Plant Kingdom, and to understand how, and at

what point, the divergences between species and higher taxonomic

units occur, we must begin with that stage which is common to all, i.e.

the single germ cell, and we must study its constitution, environment,

growth, assumption of form, and structural differentiation. An
adequate study of embryos thus requires an integration of the data of

the several main branches of botanical science, i.e. morphology,

physiology and genetics. On these grounds, a substantial, indeed a

unique, position may be claimed for embryological studies.

During recent years, investigators of morphogenesis have devoted

much time to the study of shoot apices. Since this primary morpho-
genetic region is as yet inadequately investigated, it clearly merits all

the attention that can be given to it. But we should not lose sight of

the fact that, in experimental morphogenesis, the perennially embryonic

shoot apex has often been pressed into service as a substitute for the

young embryo, because of the manipulative difficulties which the latter

presents by reason of its small size, delicacy and inaccessibility. Even

though they may show similar growth developments, the meristematic

cell masses of the apex and of a developing zygote are not really strictly

comparable: the environmental and histological relationships of the

two are vastly different. In this tendency to avoid embryos as experi-

mental materials and to interpret morphogenetic processes in terms of

factors considered to be at work in the shoot apex, it may well be that

important phenomena are being neglected and important opportunities

missed. Studies of embryogenesis, therefore, not only carry their own
interest ; they should be regarded as the primary approach to the study

of morphogenesis.

As an organism develops, its characteristic organisation becomes

evident. This is seen in its overall size, shape and structure, in the

relationships of its members, and not least, in the harmoniously

regulated development of the whole. Moreover, the several tissue

systems, whether in a vascular plant or a thallophyte, constitute a

characteristic and sometimes highly distinctive pattern, e.g. a cross-

section of the rhizome of the common bracken {Pteridium aqidUnum).

As a fact, our knowledge of the factors which determine the tissue

pattern in plants is still very slight; but this at least can be said: the

process has its inception in the embryogeny.
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In the post-Darwinian pliyletic period—comprising the latter part

of the Nineteenth Century and the beginning of the Twentieth Century
—many botanists were confident that the genealogical relationships of
all classes of plants could be truly represented by a unified and coherent

taxonomic system; in short, by a monophyletic classification. A
widening knowledge of plant form and structure, however, and a
growing appreciation of the prevalence of parallel and convergent
evolution, brought the realisation that the evolution of plants might
perhaps not be adequately represented by a monophyletic genealogy.

Indeed, it seemed that the evolution of the several classes or sub-

divisions would be more correctly indicated by a system of separate

phyletic lines, possibly originating in ancient algal forms. The more
comparative morphologists studied this theme, the more they became
aware of the difficulty of finding common ancestors for any of the

major groups of plants. In fact, gaps occurred at almost every

critical point in the record of the evolutionary process ; and this was
true not only of the major monophyletic system, but also within

individual phyletic lines. So impressed was D'Arcy Thompson (1917,

1942) by the prevalence of these 'phyletic gaps' that he remarked that

it almost seemed as if a 'principle of discontinuity' was involved. Here
it should be said that although the details of plant embryology were
certainly not neglected by the evolutionist, many of the conclusions

relating to phylogeny were necessarily based on comparisons of the

form and structure of adult organisms, especially in the fossils; and it

was in these comparisons that the prevalence of phyletic gaps became
so evident. Woodger (1945, 1948), however, has indicated that these

data may be viewed in another way and that there is great scope for

renewed investigations in comparative embryology, provided a new set

of concepts can be devised. In his view, organisms which are rather

unlike in the adult state may nevertheless have much in common in

their early development; and a more adequate study of the factors

which are at work in the embryogeny may eventually show that some
of the phyletic gaps, which had proved so puzzling to the early investi-

gators, may in reality be considerably less wide than had been thought,

or they may even be non-existent. The contemporary botanist may
thus feel encouraged to go as deeply as possible into the study of
embryogenesis and he should constantly search for new ideas and new
techniques. Zoologists have made much greater progress than botanists

in their studies of embryos by experimental and other means. Here
reference may be made to the remarkably ingenious manipulative

investigations of Spemann (1936, 1938), Dalcq (1938, 1941) and others,

and to studies of biochemical relationships by Needham (1931, 1942)

and Brachet (1950). It is not suggested that botanical investigators
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should sedulously follow the zoologists—indeed, they should be

cautious to a fault when applying zoological concepts to botanical

phenomena—but it is evident that they can gain inspiration and

valuable techniques from them.

Some early investigators of embryology held the view that ontogeny

was a recapitulation of phylogeny. According to the Theory of

Recapitulation, the morphological development of the individual

affords a record in miniature of the history of the race. This idea has

not found much support or favour among botanists and it has been

strongly rebutted by some zoologists {see de Beer, 1930, 1950). Indeed,

it has been regarded more as an interesting general idea than as a

fundamental conception which could be fully accepted. There is, of

course, some evidence that seems to support the theory. In the con-

temporary view, the many aspects of development are held to be

determined and controlled by factors in the genetic constitution, or

genotype, of the species. Since the genotype of a contemporary species

comprises ingredients of the hereditary constitution of ancestral forms,

a study of the ontogeny may reveal the inception and development of

both distant ancestral and more recently evolved characters.

While some major groups of plants afford indisputable evidence

of community of origin, there is also abundant evidence of parallel and

convergent evolution. The study of the underlying causes of these

homologies of organisation may be indicated as one of the most interest-

ing and important tasks in biology. The data of embryogenesis may
have an important place in the study of this phenomenon.

The initial embryological studies were essentially morphological in

inception and outlook, and indeed this was necessarily so. The aim was

to provide a demonstration or record of development from the first

division of the zygote up to the point where the embryo could maintain

itself as a free-living individual. A great deal of careful and painstaking

effort has been necessary to obtain this information; and it may be

said, with due emphasis, that these anatomical studies not only show

us what the embryos of particular species look like: they constitute

the basis on which all further work must rest. Nowadays, however, we
recognise that embryology need not, and should not, be pursued only

by the methods of the anatomist : we want to know about the factors

which determine the observed developments. Many new possibihties

are opening up. A new outlook and new investigations have been

made possible by recent discoveries in genetics, biochemistry and

physiology and by new manipulative techniques, e.g. surgical treat-

ments, and the methods of tissue culture. In short, it is the process of
embryogenesis, culminating in the organisation of the young plant,

that is of paramount interest and importance to the contemporary
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Student of embryology ; and to this end experimental work should be

introduced wherever possible.

In this book the author has attempted: (i) to review the facts of

embryogenesis in all classes of plants
;

(ii) to consider to what extent

the observed developments can be referred to genetical, physiological,

physical and environmental factors and to spatial relationships; (iii)

to inquire how a study of embryos advances our knowledge of morpho-

genesis; and (iv) to consider what light this study sheds on the problems

of phylogeny, parallel and convergent evolution. Such a survey seems

timely, for the general advance of botanical science and the elaboration

of new techniques during recent years have made feasible new investi-

gations along several lines. Indeed, the main reason and justification

for this book is to stimulate this new work. Lastly, the importance of

studying the development of the organism as a whole is emphasised,

i.e. the integrative aspect is held to be essential if an adequate account

of the harmonious development of the individual is to be given.



Chapter 11

FACTORS IN EMBRYOGENESIS

THE ZYGOTE OR SPORE AND ITS ENVIRONMENT

IN studying embryogenesis in any plant, our initial concern is with

the growth of a single cell, a zygote or a spore, in its particular

environment. In some, perhaps in all, developing sporophytes we
probably ought to begin with the unfertiHsed ovum ; for some of the

orderly changes that take place during the ontogenetic development

may already have been determined by the cytoplasmic organisation of

the ovum. If we examine the ovum, whether in an embryo-sac or

archegonium, there is evidence that it has undergone some specialised

development, e.g. in the archegonium it becomes rounded off and lies

free in the venter, and it is a reasonable assumption that it may be

affected differentially by various biochemical and physical factors in its

immediate environment. In naked, fertilised or unfertilised ova, such

as those of Fucus, there is apparently no specialised cytoplasmic

organisation which determines the polarity of the young embryo : the

polar axis may be established in any direction and it is not necessarily,

or invariably, determined by one particular factor or group of factors

(Whitaker, 1940). On the other hand, the extruded but still attached

ovum of Laminaria gives rise to an embryo whose axis coincides with

that of the oogonium.

We still know very httle about the organisation either of the unfer-

tilised or the fertilised egg in plants. Nevertheless, the post-fertihsation

developments, especially in archegoniate and seed plants, are such as

to indicate that the organisation of the ovum and the zygote is affected,

and its subsequent development determined, by factors in the immediate

environment, i.e. by the enveloping gametophyte tissue, as well as by

physical factors such as gravity. In its most fundamental aspect, the

organisation of the ovum and the zygote is due to genetical factors;

for in so far as the genes determine the chemical constitution of the

reaction system, they also determine the kind of cytoplasmic frame-

work or organisation that is possible.

The position of the ovum in the gametophyte tissue may be

important. In some pteridophytes the archegonium typically points

downwards, in others, laterally, and in yet others, upwards. These

several orientations affect the subsequent embryogenic development.

It is probably by the action of biochemical factors, however, that the

6
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gametophyte tissue exercises its principal effects both on the maturation
of the egg and the subsequent growth of the embryo. Before and after

fertihsation, the archegonium is a locus of growth and hence there is a

translocation of nutrients of all kinds to it from the surrounding tissue.

We may therefore assume, as a working hypothesis, that both the ovum
and the zygote are liable to be affected by metabolic gradients, and that

these may be among the factors which determine polarity and other

important developments. In different classes of Embryophyta, then, the

environment of the ovum and zygote deserve careful study.

In the germination of a spore, be it of an alga, a bryophyte, or a
pteridophyte, the environment of the single propagative unicell is (i)

the water, soil, rock, bark or other substratum in or on which the spore

has been deposited, and (ii), in the case of subaerial organisms, moist
air. In all of these spores, there is no adjacent tissue either to supply
nutrients to, or to direct or control the morphogenetic developments
in, the germinating cell. The developments on germination are, there-

fore, determined, or directed, by internal factors, including the cyto-

plasmic organisation which has already been established, and by
factors in the external medium or environment, e.g. light, humidity,

solutes in the substratum, gravity etc. Comparisons of the growth and
development of naked as compared with enclosed germ cells, and an
analysis of the factors at work in them, in fact, yield many points of
interest, including some notable homologies of organisation as well as

evident dissimilarities,

STATEMENT OF THE PROBLEMS—INITIAL DEVELOPMENT
IN DIFFERENT CLASSES

The fertihsed egg is usually a spherical or ellipsoidal body and so

too are many spores, though spores may exemplify a considerable

diversity of shape. In Fig. 1 young embryos from different taxonomic
groups have been selected to illustrate the fact that certain develop-

ments are of very general occurrence and to provide materials for a

consideration of the main problems in embryogenesis.

On spore germination, or at the earliest manifestation of growth in

the zygote, there is evidence of polarity and of filamentous or axial

development; in all but the very simplest organisms, there is, from the

outset, a distinction of apex and base (or of distal and proximal regions,

or poles). In short, both the sporeling and the very young embryo
afford evidence of orderly or organised development. Each species has
its own particular ontogenetic pattern from which there are, as a rule,

no very marked departures. If, at the outset of development, there is

an indeterminate phase, during which the morphogenetic process might
be directed into one of several possible channels or trends, that phase
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is of brief duration. Such a phase is conceivable and may indeed have a

real existence, e.g. in the free-floating zygotes of certain algae such as

Fucus. Where the embryo is enclosed, as in the Embryophyta, although

occasional aberrant developments have been recorded, the normal

embryogeny yields evidence of being closely controlled, or regulated,

from the outset.

The filamentous or axial development, as illustrated in Fig. 1, is

characteristic of the embryogeny in all classes of plants and has been

described by Bower (1922) as constituting a 'primitive spindle.' This

development is attended by cell division and the laying down of partition

walls, usually in a very regular and constant manner, so that the embryo

has a characteristic cellular pattern from the outset. The first partition

wall is typically laid down at right-angles to the axis of the embryo,

i.e. to the direction of elongation of the primitive spindle or filament.

In some embryos several successive transverse divisions take place and

an elongated filament results : in others, divisions at right-angles to the

first wall take place, and in this we see the inception of a tissue mass.

In many of the smaller algae the organism never develops beyond the

filamentous state; in others, a flat thallus may be formed; but in the

larger algae, especially the brown, and in archegoniate and seed plants,

the distal region of the filament sooner or later develops into a multi-

cellular tissue. At this stage another important general phenomenon

becomes evident, namely, that the most distal region is the locus of

active growth. This can be observed in many filamentous algae and

in all classes of parenchymatous plants : it is a feature of the embryo-

geny of Fucus and Polysiphonia ]usi as it is of Lycopodium and Capsella.

On the further development of these embryos it can be seen that the

Fig. 1. Young embryos from different systematic groups

A, Enteromorpha intestinalis, a green alga: young plant from zoospore (after

Kylin). B, Fritschiella tuberosa, a green alga : filament showing beginning of paren-

, chyma formation. C, Laminaria digitata, a brown alga: young sporophytes still

attached to oogonia. D, Fucus vesiculosus, a brown alga (after Thuret and Olt-

manns). E, F, Ceramium areschoughii, a red alga: young plants from spores (after

Oltmanns). G, H, Radula complanata, a liverwort (Jungermanniales) : young sporo-

phytes (after Leitgeb). J, Aneura multifida, a liverwort (Jungermanniales) : young

sporophyte (after Leitgeb). K, Fegalella {Conocephalum) sp., a liverwort (Mar-

chantiales): young sporophyte (after Cavers). L, Funaria hygrometrica, a moss:

young embryo (after Campbell). M, Lycopodium annotinum, a lycopod (after

Bruchmann). N, O, Selaginella spinulosa, a ligulate lycopod: young and older

embryos (after Bruchmann). P, Adiantum concUmum, a leptosporangiate fern:

embryo in post-octant phase (after Atkinson). Q, Sequoia sempervirens, a gymno-

sperm : two embryos borne on primary suspensors, with embryonal cells beginning

to form secondary suspensors (after Buchholz). R, Lobelia amoena, a dicotyledon:

filamentous embryo (after Hewitt). S, T, Sagina procumbens, a dicotyledon: two

stages in the development of the embryo (after Soueges). U, V, Nicotiana sp., a

dicotyledon (after Sou^ges). W, X, Poa annua, a monocotyledon: two stages in

development (after Soueges). Y, Daucus carota, a dicotyledon (after Borthwick).
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primary formative activity is also located in the distal region, this

region having become organised as an apical meristem. In fact, the

subsequent development of the organism is primarily due to the

activity of this meristem. It remains in the embryonic state throughout
the vegetative development, acts as a self-determining, morphogenetic
region, giving rise to the organs and tissues of the enlarging axis (or

thallus); and it exercises a physiological dominance over the other

parts of the embryo, thus contributing to its regulated, harmonious
development. That these observations have a general application is

seen in the close parallelism of development (or homology of organisa-

tion) exemplified by the apical meristems, and the somata to which they

give rise, in AscophyUum nodosum (a brown algae), Dryopteris aristata

(a fern), and any representative dicotyledon, e.g. Lupinus albus or

Primula polyantha (Wardlaw, 1953).

Each of the successive embryonic phases of any selected species

raises its own problems. Our aim is to discover the underlying causes,

i.e. the forces determining the sequence of orderly developments

characteristic of the species. In particular, we shall have to inquire

into the phenomenon of polarity, the predominance of the distal cell

group, the mode of nutrition of the embryo, the organisation of the

distal apical meristem, the inception and elaboration of the histological

pattern, the formation of leaf and root primordia, and the regulated

development of the embryo as a whole. The importance of these

investigations needs no emphasis : they are of the essence of biological

inquiry; and the more we know about factors in the embryogeny, the

more adequate will be our understanding of the subsequent develop-

ments as the organism grows to the adult state.

GENIC CONTROL OF DEVELOPMENT

Growth from the zygote or spore to the adult state is characterised

by an orderly sequence of developments, during which the organism

increases in size, becomes structurally complex, and develops the

specific characters by which it can be recognised. It may be accepted

as a working hypothesis that, in every aspect and phase of development,

factors in the hereditary constitution are involved. In that these

factors, or genes, determine and control metabolic processes, they are

in some way involved in all growth and cellular activity, and therefore

in morphogenesis. Such a view is generally accepted by biologists.

But how the genes act, individually and collectively, is a problem that

is as difficult as it is important. A comprehension of genie action in

embryogenesis is clearly a matter of first importance to the biologist.

The time of action of particular genes is important in all develop-

ment, but it has a special interest and importance in embryogenesis.
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Thus we may ask : In the developing embryo, how do particular genes

become activated at the proper time so that the characteristic orderly

development ensues? Haldane (1932) has pointed out that any gene, or

other body involved in the transmission of hereditary characters, may
affect any of six distinct stages in an organism: (i) the gamete carrying

it; (ii) the zygote carrying it; (iii) the endosperm carrying it; (iv) the

mother of the zygote carrying it ; the former not necessarily carrying

it; (v) a gamete (not necessarily carrying it) formed by a zygote

carrying it ; and (vi) a zygote (not necessarily carrying it) produced by

a mother carrying it. Different genes may come into action at different

times. Wettstein, for example, was able to observe the effect of one of

four genes in Funaria hygrometrica in the protonemal stage, whereas

the effects of the others did not appear until later.

The embryos of related organisms tend to be more alike than the

adults, and this Haldane explains saying that the genes which determine

the interspecific differences exercise their chief effect, or come into

action, rather late in the individual development. But while this may
be so, it should also be pointed out that, as the organism grows to

large size, many other factors, not necessarily gene-controlled, may
enter into the situation. A common tendency, recognised by students

of evolution, is for certain characters to make their appearance pro-

gressively earlier in the life-cycle. In such instances, organogenesis is

said to be accelerated. This may be explained genetically by saying that

the first action of particular genes, which normally come into action at

a certain stage of development, has taken place at an earlier stage.

Again, organs present in an adult ancestor may be reduced to vestiges

and appear in the embryo of later evolutionary types. In the genetical

explanation, this may often be attributed to acceleration as defined

above. The interest of these views for the student of embryology needs

no emphasis.

Another tendency, known as neoteny or paedogenesis, to which

Haldane directs attention, consists in a deferment of the action of

certain genes, with the result that originally embryonic characters may
persist in the adult. Neoteny is, in fact, the opposite of acceleration.

The result of neoteny is 'the sudden appearance in an adult form of new

characters, which have evolved in ancestral embryos.' De Beer (1930)

has described this process, which may have a wide application, as

'clandestine evolution.' In Haldane's view the possibihties of clandes-

tine evolution have probably been underestimated. The same process

may simultaneously accelerate or retard the action of a large number

of genes. Thus a change in permeability, due to a single gene, would

affect the time of action of many genes, with consequential effects on

development. Modifications of the time of action of a number of genes
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will lead to orthogenetic evolution. As Goldschmidt (1927) has pointed

out, the sooner a gene begins to act, the more it can do.

According to Goldschmidt (1938), either the genes or their immedi-

ate products act as catalysts. Because an enzyme is specific in its action,

it will only act if the proper substratum and suitable sustaining con-

ditions are present. When all the conditions are satisfied, the action of

the enzyme, which might have been present in the zygote since fertilisa-

tion, though perhaps not in sufliicient concentration, may begin. This

is described as the activation of the gene, and, from the metabolic

standpoint, embryogenesis may be regarded as a sequence of cyto-

plasmic states, each of which is initiated under genie control. Thus, as

the zygote grows, the original cytoplasmic substratum is transformed

into two or more different ones, these providing the substrates suitable

for the action of new genes.

Stern (1939) has suggested that there may be specific periods of

gene activity. The orderly sequence of developmental processes would

then be a direct result of an orderly, timed, genie activity. He also

notes that whereas some genes produce phenotypic effects at an early

stage in the individual development, others may show a continued

activity. To relate the developmental sequence to the hypothetical

orderly activity of genes, however, merely restates the problem in other

terms, or at most puts it one stage further back : it does not account

for the assumption of specific form in a developing organism.

CHEMICAL ASPECTS OF EMBRYOGENY

Textbooks of botany and of plant physiology contain little informa-

tion on the chemical composition of the zygote, the young embryo, or

the surrounding tissues. Nor do they tell us much about the metabolic

processes that may be involved in the germination of a spore or the

growth and division of a zygote. Equally, they have little to say about

the composition and metabohsm of the distal meristem that is estab-

lished at an early stage in the embryogeny and persists throughout the

vegetative development. These points are emphasised to remind the

reader how much remains to be done before any adequate presentation

of what is involved in embryogenesis can be made. Admittedly the

magnitude and complexity of the task are formidable. But so too are

they in the equivalent field of zoological inquiry; yet zoologists have

made some progress, even if thus far only the surface of the problem

has been scratched. Here the reader is referred to the books of Needham

(1931, 1942) and Brachet (1944, 1950), where the results of a very

considerable amount of biochemical and physiological work have been

recorded. Thus, they deal with the cytochemistry and histochemistry

of the mature and fertilised egg and the factors which may affect them,
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the environment of the egg, the nutrition of the young embryo, the

constitution and effect of the adjacent tissue, and the stimuli and
mechanisms which may be involved in the processes of morphogenesis
and organisation. Nowhere in the botanical literature has an equivalent

body of information been gathered together—indeed the most recent

books on plant embryology make virtually no reference to these

important and fundamental topics—but some relevant data are avail-

able and these will be dealt with in their proper place.

When one contemplates the many distinctive developments that

ensue when fertilisation of the ovum has taken place, or when a spore

begins to germinate, one cannot fail to realise that, for any adequate
understanding of embryogenesis, the existing morphological data must
be vastly supplemented by physiological observations. The morpho-
logical data merely illustrate the results of embryogenic processes:

they tell us little about the underlying causes. But, meanwhile, they

constitute the greater part of our information and they are, in fact, the

foundation on which the new knowledge must be built.

POLARITY

In thallophytes, bryophytes, pteridophytes and seed plants, the

earliest perceptible embryogenic development is the estabhshment of

polarity. As Bowar (1922) has shown, a characteristic, filamentous,

axial or spindle-like development is found in the embryogeny of all

classes of plants. The formation of this 'primitive spindle' appears to

be a fundamental feature in the embryogeny of plants and affords

evidence of the early establishment of polarity in the zygote. There is

clearly need for a searching inquiry into the phenomenon of polarity;

thus far we have little exact information on the factors which determine

it. Here it should be noted that a filamentous development, with early

estabhshment of polarity, is to be observed in spore germination just

as in the developing zygote (Figs. 1a, b, e, f; 2c; 8a, b, c, d; 9;

10a, b).

The position of the first partition wall in the enlarging zygote has

assumed great importance in the literature of embryogeny, for, by the

time this wall is laid down, the polarity of the young embryo has been

irrevocably determined. Whether polarity is established in the growing

but still undivided zygote, and the first dividing wall is consequentially

laid down at right angles to what will become the long axis, or whether

the position of the first wall is the actual determinant of polarity, cannot

yet be decided on the evidence, but several indications favour the former

view. In Psilotum, Tmesipteris, Lycopodium, Selaginella, Equisetum,

some ferns, and in bryophytes, the first division of the zygote is typically

at right-angles to the neck of the archegonium ; but in leptosporangiate
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ferns, and in some bryophytes, e.g. Anthoceros, the first wall lies in the

axis of the archegonium, Fig. 2. These facts suggest that polarity is not

determined by structural features of the archegonium itself. In the

encapsulated embryo in bryophytes and vascular plants, the establish-

ment of polarity brings the embryo into a particular position in relation

to the gametophyte plant (e.g. the moss plant or the pteridophyte

Fig. 2. The first division of the zygote or spore in different groups

A, Spirogyra velata, germinating zygospore (after West and Fritsch). B, Fitcus sp.

(after Rostafinski). C, Polysiphonia alrorubescens, germinating tetraspore (after

Chemin). D, Targionia hypophylla (after Campbell). E, Radiila sp. (after Leitgeb).

F, Osmuuda claytoniaiia, germinating spore (after Campbell). G, AdiaiUiim concin-

num, divided zygote (after Atkinson). H, Lycopodium phlegmaria (after Treub).

J, Clienopodium bonus-hemiciis. K, Liiiida forsteri (after Soueges).

prothallus) or gametophyte tissue (in seed plants). As this early

establishment of a polarised axis has many consequences in the sub-

sequent embryogenic development, it is evident how essential it is to

have some knowledge of the factors which may bring it about.

As early as 1878 Vochting, by dissecting plants into smaller and

smaller segments, was able to demonstrate that every fragment possessed

definite polarity (Vochting, 1878, 1884). As polarity was evident in

even the smallest fragment this phenomenon would, by implication,

extend to the individual cell. However, as later workers (Gocbel, 1908;

Schwaritz, 1935) were to show, the polarity and morphogenetic be-

haviour manifested by single cells or groups of cells depend on the

fragment as a whole.
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In different instances, different factors may assume greater or less

importance in determining polarity. In many bryophytes and pteri-

dophytes, for example, the embryo is typically exoscopic, i.e. the apex

emerges through the neck of the archegonium ; but in some, in which a

suspensor—a feature which arises in relation to the genetic constitution

—is present, the embryo is endoscopic, i.e. directed away from the

archegonial neck. The embryos of flowering plants may also be

regarded as being endoscopic. In each instance the polarity of the

embryo is determined by the time the first cleavage of the zygote

appears. There is experimental evidence that, in some species, the

plane of this first cleavage may be determined by pressures. In a

majority of angiosperms, however, since the zygote projects freely into

the semi-liquid contents of the embryo sac, pressure cannot be the

determining factor. The effects of gravity and light are known to

be important and as we have seen, genetical factors, whatever the

nature of their action may be, cannot be excluded. The direction

of the main gradients of nutrient substances, and in particular

of growth-regulating substances, may be important in determining

polarity.

Auxins and Polarity. The action of growth-regulating substances, or

their precursors, is closely bound up with their polarised movement in the

plant. Auxins, for example, typically more basipetally, i.e. from the shoot

apex downwards to the root and only to a slight extent in the opposite

direction. It has been demonstrated that auxins can move with great

rapidity from one part of the plant to other parts. This movement is

not, however, equally rapid in all directions, i.e. from the point of

origin, or, in experiments, from the point of application. The move-

ment of auxins, which is considerably more rapid than diffusion, may

take place through parenchyma, phloem, or, more generally, through

vascular tissue. It is a reasonable hypothesis that the polarity of the

shoot, or of the organ involved, in some way affects the movement of

growth-regulating substances. The suggestion of Czaja (1935) that

polarity is due to the movement of auxins and not the cause of it, has

not met with general acceptance. The evidence indicates that the polar

transmission of stimuli is due to the polar transport of auxins. Accord-

ing to Went and Thimann (1937), polarity in auxin transport is probably

determined by some inherent property of the living cells : it is therefore

difficult to influence by changing the external environment. The

nature of this property is not known. Van der Weij (1934) observed

that the direction of transport is quite independent of the gradient of

auxin concentration. Went and White (1939) have shown that the

polar movement of indoleacetic acid is much more pronounced than

earher workers had realised, only high concentrations being transported
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acropetally. Great differences in transport velocity have also been

found among various other growth-promoting substances.

White (1934) has expressed the view that the methods of tissue

culture may be used in the investigation of polarity. He points out that

while the formation of specific organs may be due to specific substances,

the process may also be affected by concentration gradients of various

kinds and 'hence by polar (physical) as well as chemical relationships.'

Possible gradients of pH, or of redox, electrostatic or hydrostatic

potential, may be involved in different instances ; but the primary cause

of polarity is still unknown. Gautheret (1945), also using tissue culture

data, has advanced a theory of polarity based on experimental

observations. He notes as a striking fact that the direction in which

buds, formed on the foliar end, or shoot face, of segments of endive

root, exercise their effect on root development and inhibition of lateral

buds, corresponds with the direction of circulation of auxins. By

assuming the existence of a polarised circulation he is able to offer

various interesting ideas as to how undifferentiated tissue, growing in

culture, becomes organised into an axial structure with an apical bud,

leaves and roots ; but the basic problem of polarity still remains un-

solved and, in his view, must be sought, not at the tissue level of

development, but at the cellular level.

Polarity in Fucus Eggs} Whitaker (1940) has discussed the results

of a long series of experiments (Whitaker, 1931-1940) on the polarity

in the eggs of the brown algae, in particular of the genus Fucus, Figs.

3, 4. In these investigations he has attempted to answer the question:

In the spherical, free-floating zygote of Fucus, what factors determine

the axis of growth and differentiation? He has expressed the view

that: 'The effects on the living protoplasm of physical and of chemical

factors become largely indistinguishable if the physiological analysis

can be carried far enough.' Any physical change inevitably affects

biochemical processes ; moreover, the distinction between physical and

chemical properties 'largely disappears at the molecular and sub-

molecular levels at which we believe the ultimate, even if mostly

unidentified, processes of differentiation and growth take place.'

The fertihsed egg of Fucus is a spherical and relatively undifferen-

tiated body. Growth and differentiation, i.e. a quantitative and a

qualitative change, take place simultaneously, the first visible manifesta-

tion being the appearance at one point of a rhizoidal outgrowth. The

first cell division takes place in the plane at right angles to the emerging

rhizoid. The factors which determine the position of this rhizoid

therefore determine the polarity of the developing germ. Polarity is

1 In the experiments of Whitaker and others the term 'eggs' usually refers to zygotes. Where

unfertilised eggs are Indicated, they are so described.
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evidently established at a very early phase in the development of the

zygote; that is, on the assumption that it v^as not already present in

the unfertilised egg.

A single zygote, kept in darkness and as free as possible from
gradients or asymmetry of environmental factors, forms a single rhizoid

and develops mormally. Whitaker argues that a very labile and readily

<s=,

CSV-

Fig. 3. Experiments on polarity in Fucus

A, In a cluster of zygotes, the rhizoidal development is typically centripetal. B,

When a fertilised egg is placed in a gradient of pH, i.e. between two pipettes of
solution, the rhizoid grows out on the more acid side (A and B, after Whitaker).

C, Apparatus for determining the effect of various solutions on the segmentation of
Fucus; {see text pp. 18, 48) (after Olson and DuBuy). D, Segmentation in Fucus

(after Rostafinski).

altered polarity is either already established (perhaps due to conditions

during oogenesis) or that it is established after shedding by 'chance

environmental differentials of a minor sort.' Knapp (1931) states that

in Cystoseira—an alga of Sargassum affinity—the rhizoid emerges at

the point of entrance of the spermatozoid ; and this may also happen
in Fucus. The important point is that if polarity is thus established, it

is readily superseded by the effects of subsequent physical or chemical

gradients.

The facts relating to the establishment of polarity may be summar-
ised as follows : Unilateral illumination by white fight causes rhizoids
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to form on the least illuminated side. (Rosenvinge, 1899; Kniep, 1907;

Whitaker and Lowrance, 1936). Hurd (1920) has shown that only the

shorter wave-lengths of the visible spectrum are effective (violet blue

and probably the shorter green). In experiments conducted in the dark,

in which eggs were subjected to a direct electric current, rhizoids

formed on the side towards the positive pole—at which negative ions

including those of auxin presumably accumulated (Lund, 1923). Where
eggs are assembled together in groups, the rhizoids point into the centre

of the group, Fig. 3. This effect of one cell on another acts over a

considerable distance—up to 0-3 mm. of sea water. (Rosenvinge, 1889;

Kniep, 1907; Hurd, 1920; Whitaker, 1931). Whitaker observed that

two eggs alone in normal sea water did not form rhizoids towards each

other, appreciable masses of eggs being necessary. Moreover, the

effect was found to be non-specific in that it was produced by un-

fertilised eggs of F. vesicuJosus on developing eggs of F. evanescens.

The presence of masses of eggs, releasing CO2 into the sea water, will

increase the hydrogen ion concentration; it was found that by acidifying

the water to pH 6-0, the 'group effect' in rhizoid formation was greatly

increased so that five or even two eggs together would show rhizoids

directed towards each other at distances up to four egg diameters. A
negative group effect was observed in alkaline sea water (Whitaker and

Lowrance, 1940). An egg responds to diffusion gradients from itself as

well as to the products of another egg (Whitaker, 1937), the rhizoid

forming on the side subjected to the greatest concentration of substances

diffusing from the egg.

When individual eggs were placed between two pipettes, one

containing normal sea water at pH 8-0, and the other acidified to a

pH of 6-0 the rhizoid developed on the acid side (Whitaker, 1938)

(Fig. 3), If the acid pipette was at pH 5-6 the rhizoid developed on the

other side. Whitaker points out that gradient rather than actual pH
is the important consideration.

DuBuy and Olson (1937) succeeded in extracting an auxin (un-

determined) from Fucus eggs and van Overbeek (1940) has shown that

auxin is present in Macrocystis. Olson and DuBuy (1937) found that

rhizoids form on the side supplied with the greatest concentration of

heteroauxin. Whitaker (1940) points out that the presence of auxin in

Fucus eggs does not prove that it is normally functional there, i.e. it

could be a waste product. 'The strong effect of acid on the Fucus egg

may well be due in part to its activating effect on auxin, but it appears

highly probable that so active an agent as the hydrogen ion would also

act on other steps in the rhizoid-forming process as well.'

Fucus eggs respond to temperature gradients by forming the rhizoid

on the warmer side, provided the gradient across the egg does not
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exceed 0-4°C., (Lowrance 1937). Respiration and other processes will

proceed more rapidly on the warmer side; the pH gradient will also

tend to be established with the highest acidity on the warmer side.

Centrifuging and Polarity. The centrifuge method developed about
the beginning of the century was taken up by many investigators.

The basic idea was that, if the specific organ-forming substances,

beheved to be present, could be displaced from their positions in the

cell, the positions in which new parts developed would be altered. The
centrifugal displacement of visible granules, as in gravity experiments,

was soon found to have no effect on polarity. Lillie (1909) concluded
from his experiments that polarity is a property of the ground substance,

i.e. the cytoplasm, while later Conklin (1931) considered that the effects

produced by high speed centrifuging in ascidian eggs were due to the

displacement of specific areas of cytoplasm. As Schechter (1934, 1935)

was able to change polarity in the red alga Griffithsia bornetiana by the

use of low speeds, he considers it improbable that displacement of
cytoplasmic areas took place. Cells of this alga, in which the dense
material had been centrifuged to the basal end, developed photo-
synthetic filaments and not rhizoids at that end. These filaments were
not so large as those developed at the apical end, nor was the develop-

ment of filaments at the apical end precluded. Rhizoids continued to

be formed in their normal positions. Schechter does not consider that

specific organ-forming substances were necessarily involved in the

developments observed, but rather that the formation of the new
filaments was due to a stimulus set up by an 'unusual concentration

of rather non-specific materials.' Centrifuged eggs of Cystoseira

became stratified and developed rhizoids at the centrifugal end
(Knapp, 1931).

Schechter (1934) showed that Griffithsia, when placed in an electric

current, formed rhizoids towards the positive pole and also that the

chromatophores migrated to that pole. He then centrifuged the

chromatophores to the centrifugal end and found that filaments and
not rhizoids developed there. Whitaker (1937) has shown that when
Fucus eggs, embedded in sea-water agar, are centrifuged, they become
stratified; and when the eggs develop in normal sea water at pH 8-0,

with the stratification still present, the rhizoid develops at the centrifugal

pole. Fig. 4. Where the visible contents become redistributed before
the formation of rhizoids, the latter develop at random in relation to

the previous stratification. Ultra-centrifuging produced essentially the

same result. When ultra-centrifuged eggs were kept in sea water,

acidified to pH 6-0, the rhizoids formed centripetally. Fig. 4. (For a
tentative explanation of this result, see Whitaker, 1937).

Beams (1937) and Whitaker (1937) have recorded that the eggs of
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Fig. 4. A-D^, The effect of centrifuging Fucus zygotes

A, A fertilised egg 23 min after being centrifuged for 20 min at 3,000 x g; the

centrifugal end is below; the chloroplasts have become aggregated in the dark

centripetal band. B, The same egg 1 5 min later; some dispersion of the dark band

is taking place. C, Another similar egg, 3 hr 10 min later; the nucleus has emerged

from the dark stratum. D, Another egg from same sample 13 hr 25 min later; the

rhizoid has emerged at the centrifugal end. A^ and D^ are normal non-centrifuged

eggs, corresponding to A and D respectively. All these eggs were reared in the

dark at 15°C and at pH 7-9-80.

E-G^, The effect of ultra-centrifuging Fucus zygotes.

E, Typical stratified egg soon after being centrifuged for 5 min in normal sea water

at 150,000 X g; the centripetal layer is the oil cap; the dense layer includes the

plastids and nucleus. F, Similar egg after development in the dark in sea water

at pH 8-0; the rhizoid has developed at the centrifugal pole. G, Later stage of

same. FS Egg similar to that shown in E after developing in sea water acidified

to pH 60; the rhizoid has developed at the centripetal pole. GS Later stage of

same.

H-L^, Effect of shape on the determination of the axis in

Fucus zygote

H. Normal spherical egg soon after fertilisation. W, Similar egg after rhizoid has

developed. K, An egg which has been elongated soon after fertilisation. K\ The

rhizoidal development in sea water at pH 8-0. L, An egg which has been elongated

soon after fertilisation. L\ The rhizoidal development at the end of the short axis

in acidified sea water at pH 6-0; the rhizoid formed towards the bottom of the

culture dish (all after Whitaker).
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Fucus can be subjected to centrifugal forces of 150,000 times gravity

for several minutes without being killed or even suffering ill effects.

In contrast to these results of Whitaker, when Beams (1937) strongly

centrifuged (150,000 x g) the eggs of Fucus serratus for various

intervals of time, the eggs showed marked stratification but this did not

appear to bear any particular relationship to the position in which the

rhizoid subsequently developed. He therefore concluded that the

stratification of the egg contents had little or no effect on its polarity.

(For a general review of the effect of centrifugation on plant cells, see

Beams and King, 1939).

Unilateral ultra-violet irradiation of Fucus eggs resulted in rhizoid

development on the side away from the source of light. A sufficiently

strong dosage inhibits rhizoid formation without causing cytolysis.

Such dosages may act by denaturing proteins, by changing the pH, or

by inactivating the auxin (Went and Thimann, 1937).

From the data set out above it appears that in plant zygotes or spores

the polarity may be determined to a considerable extent by external

factors, Stahl (1885) had already observed that differential exposure

to light determined polarity in the spores of Equisetum, while the

extensive researches of Whitaker and others have shown that the

polarity of the fertilised eggs of seaweeds can be modified by factors of

very different kinds. Among these, gradients of specific substances are

important.

Polarity in Animals. In the zoological field Needham (1942) has

referred to the 'difficult question of polarity, perhaps the central puzzle

of embryonic development' (p. 656). With a wealth of illustration he

shows that the cell protoplasm must be envisaged as possessing

organisation : its constituent molecules, of many kinds, are arranged

in a particular way, or have a particular orientation, so that the whole

has a definite structure which, in morphogenesis, is manifested as

polarity. The polarity of the animal egg is in a high degree fixed, and
unlike some plant zygotes, e.g. Fucus, almost impossible to alter.



Chapter III

FACTORS IN EMBRYOGENESIS (continued)

THE FIRST DIVISION OF THE ZYGOTE

THE fertilised ovum is usually seen and depicted as a spherical or

ellipsoidal body with no evident regional protoplasmic differentia-

tion. In many archegoniate plants it elongates in the axis of the

archegonium and soon reaches a size when cell division becomes

necessary. A partition wall is then laid down, the position of this wall

being generally, though not invariably, an indicator of the polarity, i.e.

the axis of the embryo is at right angles to it. The formation of this

first wall is interesting on several counts. According to D'Arcy

Thompson (1917, 1942), division is a means of restoring equilibrium

within an enlarging cell, and hence, in a considerable measure, the

histological pattern can be directly attributed to the action of physical

factors, i.e. to internal and surface forces. If an elongating ellipsoidal

zygote were of uniform protoplasmic consistency and metabolic

activity, with uniform conditions on all sides of it, it would, at a certain

critical size, divide into two exactly equal portions by a median trans-

verse wall, i.e. a wall of minimal area. The first wall would thus be at

right-angles to the embryo axis. Fig. 5. This is what takes place in many
bryophytes and in Psilotum, Tmesipteris (Holloway, 1917, 1921, 1939),

Equisetum and some other pteridophytes. In Anthoceros, however, the

ovoid zygote is divided by a longitudinal wall. Figs. 5, 14. In lepto-

sporangiate ferns, the spherical zygote is divided into two equal hemi-

spheres, though Atkinson (1894) and others have suggested that the

segments may be somewhat unequal. There are, however, many
pteridophyte embryos, notably those in which a suspensor {see below)

is formed, and also flowering plant embryos, where the first wall does

not divide the zygote into cells of equal volume, Fig. 5. If, therefore,

cell division is a means of maintaining an approximate state of equili-

brium in a growing system, it may be inferred that the enlarging zygote,

in certain species, must undergo some protoplasmic differentiation;

for the first wall separates a relatively large suspensor cell from the

relatively small embryo cell,^ Fig. 5. In other words, this unequal

^ In pteridophytes in which no suspensor is present, the first partition wall divides the zygote

into an epibasa! ce\l, which gives rise to the shoot, and a hypobasal cqW, which gives rise to the root

and foot. But in Lycopodiiim, Selaginella, and some eusporangiate ferns, the first wall divides the

zygote into a suspensor and an embryonic cell proper. The latter then divides by a wall parallel

to the first wall, the cell next the suspensor being recognised as the hypobasal cell and the

22
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division is evidence of differences in metabolic activity at the two poles.

Indeed, it may well be that the inception of polarity is due to a drift or

trend towards metabolic heterogeneity in an initially homogeneous

system. There are many indications that the suspensor and embryonic

a

A
S

Fig. 5. The first division of the zygote in various encapsulated

embryos (diagrammatic)

A, as in most liverworts and mosses. B, Aiithoceros. C, Psilotum, Tmesipteris and

Equisetum. D, Isoetes. E, Selaginella and Lycopodium. F, Ophioglossiim vulgatiiin.

G, AdiaiUiim, Onoclea and other leptosporangiate ferns. H, as in flowering plants.

The distal, epibasal, apical or embryonic cell (or embryonic region), is stippled; s,

suspensor; //, hypobasal cell ; 5'>', synergids; a, archegonium neck ; w, micropyle.

ends are physiologically different; for whereas the latter continues to

grow and divide, yielding the meristematic apical region of the embryo,

the suspensor and the cells adjacent to it enlarge and become

differentiated as parenchymatous cells {see Fig. 7).

distal one as the epibasal cell. As the suspensor is always the cell lying adjacent to the neck of the

archegonium, the embryo during its growth thrusts itself into the tissue of the prothallus. Such an

embryogeny is said to be endoscopic. Where no suspensor is present, as in Psilotum, the epibasal

cell lies next the neck of the archegonium, the shoot apex grows out through the neck, and the

embryogeny is said to be exoscopic. The Marattiaceae, however, afford examples of endoscopic

embryogeny, even though no suspensor is present. In the embryogenesis of flowering plants a

suspensor is of very general occurrence.
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There is evidence, which needs to be confirmed and extended, that

polarity and the orientation of the first wall dividing the zygote are

affected by gravity, Leitgeb (1878), in experiments with Marsilea, in

which the large megaspores could at will be variously oriented, rotated

on a kleinostat, and so on, found that the first partition wall of the

zygote was always formed in the axis of the archegonium, no matter

what conditions obtained. But the wall could occupy any rotational

position round this axis, and, in fact, its position was such that the

embryo was always disposed with an upwardly directed shoot-forming

half, and a downwardly-directed foot- and root-forming half. This

admittedly limited evidence suggests that while gravity may have some
effect on the initial phase of development in some species, it is to factors

in the fertihsed ovum or in the adjacent gametophyte tissue that we
should look to explain the observed developments. So far as the

writer is aware, it has not been suggested that there is a protoplasmic

differentiation in the unfertilised egg or in the zygote in plants com-
parable with that in certain mozaic eggs known to zoologists. In

encapsulated ova it may, however, be inferred that immediately after

fertilisation, if not before, protoplasmic differentiation begins to take

place. This, indeed, is to be expected when we consider the configura-

tion of the archegonium and its relation to the nutritive prothallial

tissue. Somewhat similar considerations will apply to the embryo sac

in flowering plants.

While the growth of the encapsulated zygote may be ascribed to

biochemical stimuli resulting from the fusion of the male nucleus with

that of the ovum, its polarised development seems likely to be deter-

mined by auxin or other physiological gradients in the adjacent tissue.

In pteridophytes the uptake of nutrients from the prothallus—a process

which has been in operation during the maturation of the ovum—is

maintained until the embryo becomes a free-living sporophyte; in

bryophytes, it continues until the maturation of the sporophyte.

Contemplation of the structural details in archegoniate plants suggests

that the path of nutrition to the zygote is more likely to be by way
of the base and sides of the archegonium than through the region

adjoining the neck. If so, the metabolic gradients may determine both

the polarity and the position of the first partition wall.

Much importance has been attached to the presence of a suspensor

in pteridophytes by comparative morphologists. By them, it is regarded

as a primitive feature that has been retained in some modern survivors

and it has been suggested by Jeffrey that it is 'useful in pushing the

developing embryo deeper down into the prothallial tissue' (Campbell,

1911-40). But, if we look at the matter objectively, two points may
be noted: (i) the suspensor undergoes a rapid parenchymatous
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enlargement, as do the adjacent cells of the foot; (ii) the presence of a

suspensor indicates that there are very different physiological conditions

at the neck as compared with the basal end of the archegonium. We
may also note that a suspensor is consistently present in the embryogeny

of seed plants. Whether the very different developments of the sus-

pensor and the embryonic cell in pteridophytes are due to a gene-

controlled differentiation in the egg or zygote, to metabolic gradients

in the prothallus, to gradients of gaseous concentration, or to some

residual effect of fertilisation, must remain open questions. Certainly,

there would appear to be some quite fundamental difference between

those pteridophytes in which the epibasal cell (destined to become the

shoot apex) lies adjacent to the neck of the archegonium, as in Psilotum,

and those in which it is adjacent to the base of the archegonium, as in

Lycopodium}

When the comparative morphologist asserts that the suspensor is a

primitive organ found in the embryogeny of some modern survivors of

ancient stocks, he has probably seized upon a truth, even though he

cannot account for the mechanism involved : it is a particular feature

of the hereditary constitution which happens to become manifest in the

embryogeny. In those genera and families in which a suspensor is

known, it occurs with a high degree of regularity. In the contemporary

view, the suspensor could be regarded as a gene-determined organ in

the inception of which, perhaps, only a few genes are involved ; and

the genie action leading to its formation would be seen in the differential

protoplasmic changes which take place in the elongating zygote. Even

if we accept D'Arcy Thompson's view that physical factors determine

the way in which the zygote divides, the material on which the

relevant forces must work is a specific protoplasm, the metabolism

of both the zygote and the surrounding cell matrix being under genie

control.

In this, as in all studies of morphogenesis, the basic assumption is

that genie action pervades every phase of development, i.e. it is involved

in the metabolism which underlies all morphological and histological

developments. The distinctive biochemical situations which arise at

different stages in the ontogeny have also their biophysical expression.

Indeed, at the molecular level, the distinction between chemical and

physical properties largely disappears. The action of various extrinsic

factors may tend to obscure the primary genie effect, but, as has long

been recognised, the basic material on which all morphogenetic factors

work is the specific hereditary substance, the ultimate form and structure

being the result of both internal and external factors.

This brief survey shows how very little exact information there is on

1 See p. 103, Fig. 5.
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the factors which determine polarity, the position of the first wall, the

differentiation of a suspensor, and the positional relationship of the

enlarging embryo to the parent prothallus.

THE SEGMENTATION PATTERN

A distinctive segmentation pattern is characteristic of the early

embryogeny in all classes of plants. In some instances, as in the

simpler algae, this segmentation consists merely in the transverse

partitioning of an elongating filament. In other algae there is also an

initial filamentous stage, but divisions in other planes soon follow and

a regular histological pattern resuks. In bryophytes, pteridophytes and

seed plants the successive segmentations may take place with such a

high degree of regularity as to suggest a stepwise (or stage-by-stage)

genie control of development.

In pteridophyte species which have no suspensor, and in the further

development of the embryonic cell in those with a suspensor, the cell

divisions in the enlarging embryo usually conform to one or two very

regular and characteristic histological patterns, Fig. 6. At one time,

such cellular patterns were thought to be significant as a guide to

taxonomic affinities and phylogenetic relationships. To some extent,

because ultimately they are determined in a system with a gene-

controlled metabolism, it may well be that they do have this significance.

A detached scrutiny of the facts, however, would seem to support

D'Arcy Thompson's view that the segmentation pattern in a growing

tissue is primarily due to physical factors. A growing embryo, hke any

other physical system, will constantly tend towards a state of minimal

free energy. Cell division, by keeping constant the ratio of surface to

Fig. 6. The development of the segmentation pattern in the

embryogeny in different groups

A-D, Antithamnion plumida, germinating spores (after Kylin). E, Fucus vesiculosiis,

young embryo (after Thuret and Oltmanns). F, Cystoclouium purpurascens, the

subspherical spore has divided into two and then into four equal quadrants (after

Kylin). G, 7V7Ag/o/»'fl/o77o;)/n7/a, early segmentation pattern (after Campbell). H-L,

Lejeunia serpliyllifolia (Jungermanniales), spore germination leading to organisation

of an apical cell (after Goebel). M, Blechmtm spicaiii (leptosporangiate fern), spore

germination, leading to organisation of an apical cell. N, O, P, Diagrams illus-

trating the ideal segmentation pattern in a dividing sphere (or circle) and its quad-

rants; each cell is equally divided by a wall of minimal area; I-I, II-II, III-III,

IV-IV, the successive partition walls. P, Shows the characteristic readjustment at

points of wall conjunction (after D'Arcy Thompson). Q, Marsilea vestita, showing

a segmentation pattern in the developing embryo that approximates to the ideal

pattern illustrated in P (after Campbell). R, Equisetum arvense, young embryo;

b-b, basal wall; m-m, first vertical wall; h', root initial (after Sadebeck). S, Epi-

pactis painstris (Orchidaceae), young and fully formed embryos (after Treub). T,

Drosera rotundifoUa (after Soueges). U, Chenopodium bonus-henricus (after Soueges).

V, Scapaitia nemorosa (Jungermanniales), young sporophyte (after Leitgeb).
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mass, and therefore the ratio of internal to surface free energy, thus

tends to maintain equihbrium in the growing organism.

D'Arcy Thompson has argued cogently—though not all observers

share his views—that surface forces, in particular surface tension, are

important in determining the external shapes of small objects such as

embryos, and that they may also account for their characteristic mode
of segmentation. A conception of this kind would help to account for

the fact that species, which are quite unrelated taxonomically, may
nevertheless have comparable segmentation patterns in their embryo-

geny. His argument is as follows. If equilibrium is to be maintained in

a growing embryo, the free surface energy must be reduced to the

minimum, i.e. only minimal surfaces must be created by cell division.^

This conception seems to have an apt application to the segmentation

patterns seen in the embryos of plants, Fig. 6. The successive segmen-

tations in the embryogeny of a leptosporangiate fern, for example, are

in very close conformity with those which we should expect to find in

an ideal growing spherical system, subdividing by walls of minimal

area, (see D'Arcy Thompson, 1942, pp. 580 et seq). Again, in flowering

plants, in which the embryo is immersed on all sides in the liquid contents

of the embryo-sac (except at the region of attachment of the suspensor),

the initial phase of development consists essentially in the enlargement

and highly regular segmentation of a subspherical or club-shaped body.

After some time, in relation to other factors, differential growth sets in.

In general, the segmentation pattern continues to develop in conformity

with D'Arcy Thompson's postulates, but it is modified by the diff'erent

rates of growth in different directions, by the inception of locahsed

growth centres, and so on.

In embryos of quite different systematic affinity, closely comparable

cellular patterns are found. As we have seen, these remarkable homo-
logies of organisation seem to be largely determined by physical factors.

In other words, the same physical factors may become incident in

different, gene-controlled metabolic systems. It also begins to be

understandable how a genie change aff'ecting some particular metabolic

process may have an effect on the embryonic pattern.

^ This principle of cell division by walls of minimal surface has a wide application in the Plant

Kingdom. It was Berthold (1886) who, propounding the principle, compared the forms of many
cells and the disposition of their dividing walls with those assumed by a system of weightless films,

under the influence of surface tension. In the same year, quite independently, Errera definitely

ascribed to the embryonic cell wall the properties of a semi-liquid film and deduced that it must be
subject to ordinary physical laws and must accordingly assume a form in conformity with the

principle of minimal areas. Another conception which we owe to Errera is that the partition wall

formed in a dividing cell tends to be such that its area is the least possible by which the given space-

content can be enclosed. In an ovoid body with metabolic homogeneity, the partition wall would
be median and transverse; but if there were aggregations of different metabolites at the two poles,

with concomitant different energy relationships, the partition wall would separate off two cells of
equal energy but they would probably be of different sizes.
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POSITION AND NUTRITION

As the embryo grows and develops, its nutrition becomes of ever-

increasing importance. Tlie nutrition of an enclosed embryo must

stand in some relationship to the position which it occupies in the

gametophyte tissue. This question will be considered in greater detail

in subsequent chapters. As already noted, the gradients of nutrient

supplies to the young embryo may be among the factors determining

its polarity. From a very early stage, the distal pole becomes the

primary growing and formative region, whereas the proximal or basal

pole becomes parenchymatous and functions as the region of uptake

of nutrients from the gametophyte. In archegoniate and seed plants,

there is also evidence that from an early stage nutrients may not be

absorbed over the entire surface of the embryo, as might perhaps be

supposed, but are taken up by the basal region and passed on from there

to the distal growing region, just as in the adult shoot. Even in fila-

mentous algae there are indications of the same general mechanism of

growth.

In bryophytes and in Psilotum, Tmesipteris and Equisetum, where

the embryogeny is exoscopic, the hypobasal region remains in contact

with the gametophyte tissue and acts as the absorptive foot region,

taking up nutrients and passing them on to the actively meristematic

epibasal region. We should not, indeed, expect the epibasal cell, which

lies in contiguity with the archegonial neck and may soon emerge from

the gametophyte tissue, to be the absorptive region of the embryo.

All this seems to be straightforward and in conformity with our

general knowledge of axial growth. Nevertheless, it is doubtful if such

reasoning, based on a consideration of the anatomical data, goes to the

root of the matter; for in endoscopic species, e.g. Lycopodium, the

suspensor and the nutrient-absorbing foot are in contiguity with the

archegonium neck and the growing embryo becomes deeply embedded

in the fleshy tissue of the prothallus. Hence we may ask: Do these

embedded endoscopic embryos absorb nutrients over their entire

surface, or is the uptake confined to the foot? While the embryo is

still very small, it may be that nutrients are absorbed over the whole

of its surface; but, as it enlarges, the indications are that the foot

is the main absorptive region. Certainly, from an early stage, there

is a marked difference in the development of the basal cells as compared

with those at the apical or distal end. The cells of the foot soon become

considerably distended; they may extend what appear to be suctorial

processes into the tissue of the prothallus ; they may contain deposits

of starch grains ; and they show a gradient of cell-size from the proximal

to the distal region. Collectively, these observations suggest that, from
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a very early stage in the embryogeny, the relation of the distal to the

basal region of the embryonic axis is essentially the same as in a normal

adult shoot. A growing body of experimental evidence supports the

Fig. 7. Gradient of cell size in the embryonic development

A, Delesseria ruscifolia, red alga, germling (after Nienburg). Notothylas sp., Antho-

cerotales, young sporophyte (after Lang). C, Lycopodium selago; et, suspensor,

/, foot, a, apex (after Bruchmann). D, Lycopodium cernuum, the enlarged cells of

the foot in contact with the prothallus contain starch grains (after Treub). E, Os-

munda cinnamomea, showing the large cells of the foot,/, and the smaller cells of the

embryonic distal region (after Cross). F, Ginkgo biloba, young embryo (after Lyon).

G, Zea mays, young embryo (after Randolph).

view that the shoot apex is a self-determining, morphogenetic region:

the data given above indicate that this relationship is established at an

early stage in the embryogeny.

On further growth, the apex of an endoscopic embryo bursts out of
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the prothallus, but the embryo continues for some time to draw upon
the prothallus for its nutrition. At this stage there is no longer any

question of the nutrients being absorbed over the whole embryonic sur-

face: they must be taken up by way of the foot region; and in this we
probably see what is no more than the continuation of a system

estabhshed at a much earher stage.

GRADIENT OF CELL SIZE

Closely related to the topic of the preceding section is the fact that

the embryos of many different classes show a more or less well marked
gradient of cell size from the base or foot into the meristematic shoot

region, Fig. 7. Here we have another general phenomenon in embryo-

logy for which a physiological explanation is required. The data of

tissue culture investigations may in time afford a clue to these

characteristic developments.

EFFECTS OF GROWTH AND ENLARGEMENT

As the embryo grows, departs from the filamentous state and
becomes a three dimensional tissue system, the spatial relationships of

its parts undergo a continuous series of changes. In many of the higher

plants the embryo becomes approximately spherical, cylindrical or

obconical in shape. There is, accordingly, a continuous diminution in

the ratio of surface to bulk or volume. Moreover, we begin to dis-

tinguish the outer from the inner tissue layers, these being usually

arranged in a concentric manner. In a way, this may be regarded as a

kind of differentiation. We do not know how the outer layers differ

from the inner layers of an embryo—they may receive more oxygen,

or have a lower tension of carbon dioxide, for example—but on further

development they are seen to be histologically different. This matter

of the distribution in space and the relative positions occupied by

tissues certainly merits attention when we try to account for the incep-

tion of the several tissue systems. The progressive increase in size of

the embryo almost certainly has an effect on its differentiation and
organisation : it alters the proportion of surface to bulk and this may
be important where surfaces of interchange are involved and also in

mechanical relationships. In fact, many developing organisms afford

evidence of a size-structure relationship (Bower, 1921, 1930, 1948), and
this is seen both in the external configuration and the disposition of the

tissues. These relationships have their inception in the embryogeny.

ORGANOGENESIS AND HISTOGENESIS

As the embryo of a vascular plant enlarges, new and critical

developments begin to take place. In particular, new organs are formed,
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usually in a definite relation to the axis and to the distal cell group.

Thus, in the embryos of dicotyledons, the spherical cellular mass derived

from the distal embryonic cell begins to form two equal lateral lobes:

these grow more rapidly than the distal cell group and are recognised

as the cotyledons. In lycopods, also, the enlarging embryonic tissue

mass gives rise to the first leaf or leaves, the inception of the first root

taking place more or less simultaneously. In leptosporangiate ferns,

the approximately spherical embryo divides in a very regular manner
till it has attained a certain size : thereafter it becomes possible to dis-

tinguish one of the quadrants as the shoot apex, one as the first leaf, one

as the first root, and the fourth as the formatively inactive but important

absorptive foot. These several organogenic developments are usually

accompanied by characteristic histogenic changes in the hitherto

uniform meristematic cells. It becomes possible to distinguish the

elongating cells of the incipient or prevascular tissue from the adjacent

incipient parenchyma, and both of these from the cells at the apices of

leaf, shoot and root, which remain in the embryonic state. These

initial organogenic and histogenic developments, which, as it were, set

the pattern for future developments, may well be regarded as being

among the most interesting, important and enigmatic phenomena in

biology. What factors are involved in the assumption of form, and in

the successive changes in form, during the ontogenetic development,

and hkewise in the differentiation of the increasingly complex tissue

systems? These are questions which we must attempt to answer, no
doubt very inadequately in the present state of knowledge, in the course

of this study. Even if we cannot explain any but a few of the pheno-

mena, it is important for the advancement of botanical science that the

relevant problems should be clearly before us ; for if we cannot under-

stand something of these phenomena of morphogenesis at their

inception in the embryogeny, how can we hope to have any exact

knowledge of them in the adult plant ?

ORGANISATION IN THE YOUNG EMBRYO

From an early stage the embryos in all classes of plants afford

evidence of orderly development or organisation. To understand what

constitutes this organisation, which is progressively manifested

throughout the ontogeny, is one of the central problems in biology.

Here, perhaps, we should note that the inception of the tissue pattern

in organisms is a composite effect. Thus, in any elongating organ, such

as a shoot or a root, the characteristic tissue pattern can be referred to

the axial development that follows the establishment of polarity, to a

concentric mode of differentiation in which we can distinguish epider-

mis, cortex and stele, and to a radiate mode of differentiation which we
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see exemplified in the distribution of the vascular tissues. How these

several components of what we describe as pattern are induced will

evidently call for investigations of a most searching kind.

In considering the distinctive organisation of any species, it is

evident, as already indicated in Chapter II, that genie action is involved

in all the underlying metabolic processes. The characteristic differential

or allometric growth of the embryo, i.e. the distribution of growth in

different directions which results in the production of a characteristic

shape, is also held to be under genie control. Furthermore, at certain

stages of development, particular genes appear to be invoked and these

in some way bring about the inception and development of particular

organs. While it may be accepted that the genes are the primary

factors in all morphogenetic processes, an essential scientific task is to

ascertain the nature of the underlying mechanism. Even if we assume

that genes are biochemical agents, exercising their effects through the

control or direction of metabolism, we are still very far from an adequate

account of the assumption of form or the differentiation of tissues.

Other factors and relationships of an essentially extrinsic character are

also involved. In short, the phenomenon of organisation in the embryo

is essentially a multi-aspect and integrative one. Some of the things

that are involved in this conception are indicated in the descriptive

table on p. 332.

THE ORGANISM AS A REACTION SYSTEM

In this book certain assumptions are made as a basis for explaining

features of the embryogeny in different classes. These include the

following:

(i) A developing zygote is a very complex, specific, diffusion

reaction system, which functions in conformity with the laws of physical

chemistry. In considering how complex and unique the reaction system

of a particular species is, it is well to remember that the constitution of

its protoplasm is the result of a long evolutionary process.

(ii) A biochemical pattern, i.e. a patternised distribution of meta-

bolites, always underlies and precedes the visible morphological or

histological pattern.

(iii) The mechanism which brings about the patternised distribution

of metabolites—which may be described as one of the most important,

enigmatic and challenging phenomena in biology—is to be sought in

the laws of physical chemistry as applied to the metabolic systems

present in embryonic tissues.

(iv) A contemporary diffusion reaction theory of morphogenesis

(Turing, 1952; Wardlaw, 1953) postulates that in a zygote or embryonic

tissue, in which the metabolic substances may initially be distributed in
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a homogeneous manner, a regular, patternised distribution of specific

metabolites may eventually result, affording the basis for the inception

of a morphological or histological pattern, (see below).

Turing's Diffusion Reaction Theory of Morphogenesis. This theory

is based on a consideration of the diffusibilities and reaction rates

of substances which may be involved in growth and morphogenesis.

Considerable mathematical knowledge is essential to follow the theory

in detail; but its main features can be indicated to, and appreciated

by, the non-mathematical biologist without too much difficulty.

The theory introduces no new hypotheses: on the contrary, it

makes use of well-known laws of physical chemistry, and, as Turing

has shown, these seem likely to be sufficient to account for many
of the facts of morphogenesis. The underlying point of view, in fact,

is closely akin to that expressed by D'Arcy Thompson in Growth and

Form. It will be appreciated that a theory, based essentially on laws

of physical chemistry that must apply to every growing system, is of the

kind that may well account for the general occurrence of certain

organisational features in plants. An essential feature of the theory is

that it deals with the inception of a morphogenetic pattern as a whole;

but it is not inconsistent with epigenetic development when other

organs or parts have already been formed. Not least, it is compatible

with the concepts of physiological genetics.

An indication of the theory may be given by assuming that two

interacting, pattern-forming substances, or morphogens, X and Y, are

essential metaboUtes in a morphogenetic process ; a third substance C,

which is in the nature of an evocator and catalyst, is also involved, a

pattern only appearing if its concentration is sufficiently great. It is

necessary to assume: (i) that both X and Y are diffusible, and at

different rates ; and (ii) that there is a number of reactions involving

X, Y and the catalyst C: these reactions do not merely use up the

substances X and Y, but also tend to produce them from other meta-

bolic substances (which might be called 'fuel substances') which are

assumed to be abundantly present in the growing region, i.e. to some

extent the morphogens are autocatalytic. If a pattern is to be produced,

there is a number of conditions relating the diffusibilities and marginal

reaction rates which must be satisfied. (By marginal reaction rate is

meant the amount by which the reaction rate changes per unit change of

concentration.) If we assume that the appropriate conditions are

satisfied, and that the concentration of the catalyst-evocator is initially

at a low value, but is slowly increasing, the phenomena observed will

be as follows

:

(i) Initially there is a state of homogeneity: both X and Y are

uniformly distributed (i.e. in the embryonic tissue in which a pattern
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will subsequently appear), apart from some slight deviations due to

Brownian movement and to chance fluctuations in the number of the

X and Y molecules that have reacted in the various possible ways in

various regions.

(ii) The concentrations of X and Y will vary slowly as the system

adjusts itself to the changing evocator concentration. This change will

also result in the fluctuations of concentration smoothing themselves

out more and more slowly, and eventually the point is reached where

the system is unstable, i.e. the fluctuations no longer are smoothed out:

they become cumulative, and even tend to become exaggerated with

the passage of time.

(iii) At this stage the morphogen concentrations form a more or

less irregular wave pattern. Later, however (for instance when in some

places the concentration of one morphogen is practically zero), the

progressive deepening of the waves is arrested. The pattern will then

regularise itself, and will eventually reach an equilibrium which is

almost perfectly symmetrical. The resulting pattern may be described

as a stationary wave.

Such a stationary wave, in a biological situation, might take the

form of the accumulation of one of the morphogens in several, e.g.

3, 4, 5 or more, evenly distributed loci on a one-dimensional system such

as the circumference of a circle: the other morphogen will tend to

accumulate at intermediate loci.

A patternised distribution of specific metabolites can thus take place

in conformity with the laws of physical chemistry as applied to diff'usion-

reaction systems; and this will be true whether the morphogenetic

substances are held to be specifically gene-determined, or whatever

mechanism is assumed to connect such genes with the morphogens. It

seems not improbable that reaction systems of the kind indicated in the

theory may be of general occurrence in living organisms, but, of

course, evidence that this is so is essential. A provisional acceptance

of the theory would certainly afford a basis for understanding both

the prevalence of homologies of organisation and the diversification

of basic kinds of pattern under the impact of genie factors. For,

as we have seen, the patternised distribution, or specific location,

of metabolites depends on the diffusibility and chemical reaction

of the metabolites, some, or many, of which are specifically gene-

determined.

That diff'usion-reaction systems are present in all growing regions,

indeed in all living matter, is basic to studies of metabolism. What is

novel in Turing's theory is his demonstration that, under suitable

conditions, many different diff'usion-reaction systems will eventually

give rise to stationary waves; in fact, to a patternised distribution of
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metabolites. Thus, in the present writer's view, the theory would

appear to afford an explanation of the inception of the symmetrical,

radiate histological pattern that appears adjacent to the embryonic

region of the root apex. Not all kinds of pattern, however, are referable

to the development of stationary waves—the major feature of Turing's

theory as thus far developed—but all may eventually be related to some

kind of diffusion-reaction system. The inception of polarity, i.e. of

axial development, in an embryo is probably due to a particular distri-

bution of metabolites in an initially homogeneous system; this could

be regarded as a very simple case of a stationary wave. The following

may be tentatively indicated as examples of pattern in plants which

may perhaps be explained, in whole or in part, as the theory is

more fully developed and explored: phyllotactic systems; whorled

branching in algae; the distributing of procambial strands in shoots;

the radiate pattern in root steles and in lycopod shoots. Turing has

indicated how the dappled pattern in the skins of animals and

gastrulation in the developing animal embyro can be explained by his

theory.

In the general system of ideas incorporated in the theory there are

many points of interest to the student of morphogenesis. Thus, with

regard to the breakdown of symmetry and homogeneity, attention is

directed to the importance of small random changes in the distribution

of morphogenetic substances, i.e. irregularities and statistical fluctua-

tions in the numbers of molecules taking part in the various reactions.

The determination of polarity in the fertilised ovum of Fucus, for

example, may be due to random changes, or to factors in the environ-

ment. In the enclosed embryos of land plants, in which polarity is

determined soon after fertihsation, if not before, quite small gradient

effects proceeding from the gametophyte tissue could be the means of

initiating the breakdown of homogeneity and the establishment of

polarity. Some deviations from homogeneity in a reaction system may

be of great importance in the process of differentiation; for the system

may reach a state of instability in which the irregularities, or certain

components of them, tend to grow. If this happens, a new and stable

equilibrium is usually reached, and this may show a considerable

departure from the original distribution of metabolites. Thus, in

contiguous cells which are initially metabolically identical, a drift from

equilibrium may take place in opposite directions as a result of statistical

fluctuations in the components of the reaction system, or of small

changes induced by neighbouring cells. Changes of this kind could, for

instance, account for the very different developments in two adjacent,

equivalent embryonic ceHs—a histological phenomenon of much

interest to the botanist.
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EXPERIMENTAL INVESTIGATION OF EMBRYOS

Thus far, the facts of plant embryology have been mainly those

obtained by the methods of the anatomist and histologist. Much
remains to be done in the fields of experimental morphogenesis,

genetics, biochemistry and biophysics. Indeed, the new phase of

embryology should be characterised by an experimental outlook. The

results of experimental investigations of embryos in different systematic

groups will be given in the appropriate chapters.

At this point it may be advantageous to consider briefly some of the

general ideas and conclusions that have emerged from recent experi-

mental studies of other embryonic regions, e.g. the shoot apex, which

exemplifies what has been described as a 'continued embryogeny.' We
should not, of course, assume out of hand that these conclusions have

a direct application to the small developing embryo, but there may be

phenomena common to both which can be more readily studied in the

large tissue mass afforded by the adult apex.

Polarity is important in the shoot apex in vascular plants and is

closely associated with many of its morphogenetic activities. It is

difficult to modify by experimental treatment and has important

effects on the movement of metabolites. Thus auxins move rapidly in a

basipetal direction but only very slowly in the opposite direction.

The symmetry of the apical region, which is largely due to intrinsic

factors, is important in morphogenesis. In typically dorsiventral plants,

such as species of Selaginella, the dorsiventrality is not readily modified

by experimental treatment. But in some species the symmetry shows a

certain lability, plants growing in the shade being dorsiventral, whereas

those exposed to full light are radially symmetrical. Many species,

however, are completely and persistently dorsiventral.

With certain qualifications, the embryonic cells at the shoot apex

of a particular species are of a characteristic size. Thus, whereas the

apical cell in some ferns may develop to a very large size during the

ontogeny, small cells are characteristic of the adult shoot apex in most

gymnosperms and flowering plants. A survey of seed plant apices,

however, shows how very diverse are the sizes and arrangements of their

meristematic cells (Wardlaw, 1953). In diploid and polyploid members

of the same species, the latter have consistently larger meristematic

ceHs than the former. It may therefore be concluded that there is a

relationship between the genetical constitution of a species and the size

of its embryonic cells at the shoot apex. This relationship may be of

interest in the study of embryos in the same and in different taxonomic

groups.

The shoot apex is recognised as being the primary morphogenetic
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region of the plant. It may be characterised by a distinctive histological

and physiological organisation, as in leptosporangiate ferns such as

Dryopteris or Matteuccia. A comparable organisation is also thought

to be present in the apices of gymnosperms and seed plants, though

the histological pattern may be considerably less evident. Nevertheless,

in all groups of flowering plants and gymnosperms, the shoot apex is

characterised by a distinctive arrangement of its meristematic cells.

Thus the tunica may consist of one or several layers, it may constitute

a very definitely zoned tissue, or the zonation may be rather feebly

defined. Again, in some species, a central group of mother-cells may
give rise to the various regions of the apex ; and there are many other

variants of histological pattern. Since these several types of apical

organisation have their inception at some stage in the embryogeny, or

in the post-embryonic phase, it may well be that the embryologist can

both profit by the existing knowledge of apices and contribute to it.

Indeed, all too little is known of the inception of the characteristic

patterns in the apices of seed plants.

The shoot apex gives rise to lateral members in an orderly fashion,

leaves being usually formed in a regular phyllotactic sequence while

buds normally occupy characteristic positions on the shoot. It will

evidently be a matter of interest to inquire at what stage in the embryo-

geny this regulated development first becomes apparent.

Studies of the shoot apex have shown that the prevascular tissue

typically originates close to the most distal cell group. This can be seen

particularly well in the ferns, but also in some flowering plants. A
considerable body of experimental evidence supports the view that the

inception of the vascular tissue, whether in shoot, leaf or root, is due

to the basipetal diffusion of a substance (or substances) from the actively

growing apical meristem or distal cell group.

In the contemporary view, the development of an axial structure

from a shoot apex is essentially epigenetic in character, i.e. each sub-

sequent development is determined by those that have gone before, and

all suggestions of preformation are ruled out. It is assumed here that

the development of the zygote to the adult state is also an epigenetic

process. Some factors are at work throughout the individual develop-

ment, others become incident at particular stages, and gradually, as the

result of the action of factors of many kinds, the characteristic form

and structure of the species become manifest {see table, p. 332). Studies

of the shoot apex have shown that both extrinsic and intrinsic factors,

size-structure and other spatial relationships, and the reciprocal

relationships of parts, must all be considered in attempts to explain the

observed developments. Similar considerations almost certainly apply

to investigations of embryogenesis.
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Experimental studies of apices have shown that lateral members

such as leaves and buds, and presumably roots, owe their characteristic

form and structure, among other considerations, to the positions in

which they are formed. That is to say, it is to the genie control and

mechanics of growth that we should look for an account for the

characteristic form and structure of organs and not to the presence in

the race of particular factors which specifically determine these organs.

Lastly, it may be duly emphasised that, if progress is to be made, it

is not merely a question of working at apices, or embryos, from the

morphological, physiological and genetical points of view, and of

bringing the respective data together : a profound effort must be made

to effect an actual integration of these data; for only by so doing can

we hope to gain an adequate insight into the progressive organisation

which is characteristic of development both in the individual and in the

race.



Chapter IV

EMBRYOGENESIS IN THE ALGAE

THE plants of the land have been described collectively as the

Embryophyta, the implication being that in these plants there is a

characteristic embryonic phase which is not present in the great aquatic

groups of the algae. If, however, we regard as an embryo any small

germ which develops from a fertilised egg or from a spore, then it is

clearly legitimate to include the algae in this survey. This, indeed, is

fully justified by the facts, for in algae such as Fucus there are develop-

ments which are very similar to those in archegoniate plants. It might

perhaps seem permissible to apply the term embryo to the young algal

plant which develops from a fertilised ovum, but not to the plantling

that develops from a spore. This procedure, however, would bring its

own difficulties in the isomorphic green, brown and red algae.

The ontogenetic development of the algae affords many points of

interest. Thus a majority of the green algae never advance beyond the

filamentous stage, whereas others, such as the large brown and red

algae, pass through an embryonic phase and proceed to one of con-

siderable somatic elaboration, i.e. their ontogenetic development is

comparable with that of land plants. In such comparisons the Chaeto-

phorales are of special interest. It has been suggested (Fritsch, 1939,

1945) that it is from this group of green algae that the plants of the land,

i.e. the Embryophyta, have originated.

GREEN ALGAE

Haplobiontic green algae have no embryonic phase that is

strictly comparable with that found in organisms in which the sporo-

phyte has its inception in a fertilised egg. In algae like Spirogyra

or Oedogonium, the zygote (zygospore or oospore), after a period of

rest, again becomes active, its diploid nucleus undergoes meiosis, and
one to four haploid propagative cells are formed. Where these are

motile, the zoospore eventually settles down, attaches itself to a sub-

stratum, and grows out into a filament. In Spirogyra, Figs. 2, 8, a

filament grows directly out of the zygospore which has split open. In

this, as in other filamentous green algae where the plantling is initially

attached to the substratum, the germ shows evidence of polarity from

the outset. The distal region is the locus of active growth (though in

some species intercalary growth may subsequently supervene), and, as

40
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the illustrations in Fig. 8 show, there is evidence of translocation of

nutrients to it. The basal or proximal region, which develops as an

organ of attachment, soon becomes more or less highly vacuolated and

in general appears to be a region in which the metabolism is consider-

ably different from that of the distal region. When a zoospore of

Botrydium, Protosiphon or Oedogonium germinates, it elongates and

*i¥irf

Fig. 8. Green algae: young plants

A, B, Protosiphon botryoides. A, Normal plant developed from a zoospore. B,

Group of plants, grown from zoospores in a nutrient solution, showing the distal

aggregation of dense protoplasmic contents (after Klebs). C, D, Oedogonium

concatenatum. Germinating zoospores (after Hirn). E, F, Spirogyra neglecta.

Germinating zygospores (after Trondle).

gives rise to a polarised, ovoid or filamentous structure, in which there

is an evident concentration of the protoplasmic materials in the distal

region, Fig. 8. This mode of development, which is general in both

septate and siphonaceous species, is not unlike the enclosed young

embryo in archegoniate and seed plants. Why the distal region should

become the seat of protein synthesis is a problem about which little is

known. The phenomenon is common to all classes of plants, and it may
be that the same, or closely similar, factors determine the characteristic

heterogeneous distribution of protoplasmic materials.

The great majority of green algae might be specified as plants which

have never evolved beyond the simple filamentous or embryonic
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somatic state. There are, however, exceptions, e.g. the development of

a thin flat expanse of tissue in Ulva, various developments shown by the

Chaetophorales {see below), the highly complex construction in the

Siphonales, and the characteristic axis with whorled branching in the

Charales, Fig. 9.

Chaetophorales. According to Fritsch (1945), it is to this order of

green algae that we should look for evidence of those developments

which may have a bearing on the origin of land plants. Morphological

features of special interest in this connection shown by members of the

group are the polarised filamentous development of the spore or zygote

product, growth by an apical cell, and a characteristic mode of cell

division leading to an incipient parenchymatisation, or tissue formation.

FritschieUa (Fig. 9) shows some of these developments (Iyengar, 1932).

Drapamaldia and Draparnaldiopsis aff'ord evidence of the first steps in

cellular specialisation in a simple filamentous organism, in that alternate

cells remain short and give rise to the lateral branches. Fritsch has

suggested that the higher members of the ancestral Chaetophorales

were the plants which successfully colonised the land, giving rise to

the Bryophyta and the several classes of vascular plants. However,

apart from the general points indicated above, the embryogeny of the

Chaetophorales yields no specific clues to that of the Embryophyta.

Among the Chaetophorales, attention is often directed to Coleo-

chaete because of its oogamous reproduction and the elaborations which

characterise the post-fertilisation phase. These developments, however,

like carpospore formation in the red algae, add nothing to our know-

ledge of embryonic processes.

Volvocales and Chlorococcales. Strictly speaking, these groups have

no embryogeny equivalent to that of brown algae, archegoniate and

seed plants. Yet the development of the larger colonial forms from the

single reproductive cell affords some points of interest that are not

without relevance. When colonial species of the Volvocales begin to

grow from a germ cell, there is a characteristic phase of repeated cell

division. Each of the Chlamydomonas-like cells divides longitudinally

with the result that a saucer-like multi-cellular body is formed; on

further division this assumes the form of a hollow sphere. This sphere

now undergoes a curious 'inversion,' i.e. it is turned outside-in, a

process which has the effect of bringing the flagella to the outside of the

new colony. Some of these developments are not unlike the early

stages in the development of an echinoderm from a fertilised egg. In

both instances, biochemical, physical and other factors are at work. In

echinoderms, the production of a regular segmentation pattern is

recognised as a typical embryonic development ; it may be that we shall

not be entirely wide of the mark if we regard the Volvocales as also



Fig. 9. Green algae: young plants

A-F, Fritschiella tuberosa (after Iyengar). G, Siphonocladus pusillus (after Schmitz).

H, J, Tolypella glomerata. Plantling from oospore (after de Bary). K, Chara fra-

gilis. Distal region of young filament; n, nodes; /, internodes (after Pringsheim).
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exemplifying a kind of embryogeny, though it is of a somewhat unusual

kind for plants. Similar observations apply to the reproduction of

organisms such as Scenedesmus or Pediastrum. Initially the several

products of cell division may be distributed at random within the con-

taining wall, but soon, in relation to the forces at work in the system,

the cells become arranged in a characteristic symmetrical pattern. This

kind of development in the algae reaches its highest expression in the

water-net, Hydrodictyon {see Fritsch, 1935). When the haploid poly-

hedral resting spore germinates, a phase of abundant cell division ensues,

and a very large number of separate cells, actually zoospores, are

formed within an enlarged envelope or vesicle. These zoospores are

initially distributed at random within the vesicle but after some time

they become arranged in a regular pattern; in fact, they form a minute

hollow cylinder with a net-like construction. On further growth this

structure becomes a new Hydrodictyon plant.

BROWN ALGAE

In general, the zoospore or swarmer on settling down grows into a

simple filament which may be procumbent or erect; or it may at first

be procumbent and branched, soon giving rise to one or more erect

filaments. Thus, either from the outset, or at an early stage, there is

evidence of a polarised development. Fig. 10. This is also true of the

developing zygote. While some brown algae are simple or branched

filamentous structures, many show a greater degree of elaboration.

Thus we recognise uni-axial, multi-axial and true parenchymatous

types, some of the last reaching a comparatively high level of differentia-

tion for aquatic organisms. The larger and more elaborate forms also

begin as simple filaments, their ontogeny being characterised by a

regular sequence of growth phases and by a distinctive segmentation

pattern. Thus far, these phases have received comparatively little

attention from the standpoint of morphogenesis. The inception of the

large apical cell in the Sphacelariales and its regular growth and seg-

mentation suggest problems which, in some respects at least, are

comparable with those of the apical meristem in the pteridophytes.

Again, in the corticated and multi-axial types, the parts and members

are formed in an orderly and characteristic manner. These con-

figurations, however, do not result from the segmentation of a coherent

meristematic tissue, as in Fucus or a higher plant, but from the co-

ordinated growth of more or less separate filaments, the development of

which is apparently regulated in various ways by their mutual contiguity.

This is an aspect of morphogenesis of which we have very little know-

ledge. It is important in the fungi and lichens just as it is in the complex

filamentous algae.



Fig. 10. Brown algae: young plants illustrating filamentous

and axial development

A, B, Tilopteris mertensii. Germlings from monospores (after Sauvageau). C, D,

Dict'vosiphon foeniculaceus. Germlings from zoospores (after Sauvageau). E,

Cladostephus verticillatus; d, disc; /, filament of limited growth; h, hair (after

Sauvageau) ; F-H, Desmarestia aculeata. Embryos at different stages of develop-

ment; e, erect axis; r, rhizoid, g, gametophyte (after Schreiber); J, Dictyota

dichotoma. Young plant, with apical cell (after Cohn).
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Various examples of early development in the brown algae are

illustrated in Figs. Ic, d; 2b; 3d; 6e; 10; 11. In these, as in many
others which might equally have been selected, polarity is apparently

determined as soon as the germination of the settled swarmer or zygote

begins. The growing filament soon shows a distinction of apex and

base, the latter usually developing as a colourless rhizoidal structure of

limited growth, while the former constitutes the actively growing and

photosynthetic region of the plant. In some species, growth results in

the formation of an entirely procumbent soma, and in several, perhaps

many, brown algae, a cushion or a procumbent system is first formed

from which one or more erect filaments grow out, e.g. Cladostephus,

Fig. IOe. In this connection Fritsch (1939) has pointed to the im-

portance of the heterotrichous soma, comprising procumbent and

erect filaments, which is characteristic of all filamentous and larger

algae. Thus far, the factors determining the two kinds of development

remain almost completely unexplored. So, too, are those which

determine whether growth will become localised in a distal apical cell

or in some intercalary position. Bocher (1951) has discussed some of

the relevant problems from the morphological point of view.

Among the filamentous brown algae, those species in which a

conspicuous and physiologically dominant apical cell gives rise to new

parts by a regular system of segmentation are of special interest. Fig.

10, c, e. As in vascular plants, this aspect of organisation is evident at

an early stage in the embryogeny. In these algae there is evidence of a

regulated process of development, as in Chara among the green algae

(Fig. 9h-k), the subapical cells giving rise to lateral branches in a

characteristic and orderly manner.

In a limited fashion, the brown algae as a class, though growing in

an aquatic environment, show many of the organisational features

found in land plants, a point which was duly emphasised by Church

(1919). These several points gain in importance when we survey the

embryonic developments in the large parenchymatous algae, i.e. the

Laminariales and Fucales.

In Laminaria, Figs. Ic; 11a-c, the ellipsoidal ovum is extruded

from the oogonium but remains attached to it. After fertilisation, the

zygote elongates, divides by a transverse wall and thereafter forms a

multicellular filament, usually lying in the axis of the oogonium. This

raises the question, as yet unanswered, as to whether the polarity of the

germling is already estabhshed in the egg, i.e. under the influence of

gradients or other factors in the oogonial environment, or whether

polarity is essentially a post-fertilisation development. The embryo of

Laminaria, Costaria, and related organisms, at first filamentous,

enlarges into a cylindrical, club-shaped, or flattened body and undergoes
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cell divisions in the longitudinal planes, Fig. 11b-e, the segmenta-

tion pattern being not unlike that found in some archegoniate and seed

plants. After some time growth is continued by means of an inter-

calary meristem.

THE FUCALES

The Fucales have provided classical materials for studies of the

embryogeny of seaweeds. Indeed, more is known about the ova and

young embryos of these plants than of any other group. Accordingly,

the main points in the development of Fucus and related genera will

here be considered in some detail (Figs. 3, 4, 11).

The Ovum at, and after. Fertilisation. The eggs of Fucus and related

genera have afforded botanists materials which are comparable in many
respects with the eggs of various amphibians extensively used in

zoological studies. The spherical egg of Fucus, with an average diameter

of 75/Li in F. furcatus, and a nucleus which usually occupies a central

position, is similar in size to a number of sea urchin and other marine

invertebrate eggs. The eggs contain brownish green photosynthetic

plastids and are naked before fertilisation ; but immediately after there

is a secretion of mucilage which hardens to form a close-fitting,

cellulose-like wall.

Levring (1947, 1949, 1952) has advanced our knowledge of the

submicroscopical structure of the eggs of the Fucaceae by using the

phase-contrast, polarising and centrifuge microscopes and various

special techniques. He has shown that the surface of a mature, un-

fertihsed egg consists of the following layers: (i) a gelatinous outer

coat, stratified tangentially, which seems to be partly dissolved by

water; (ii) a very thin egg membrane, which is of primary importance

in the subsequent formation of ihQ fertilisation membrane; (iii) a \v^o-

pvote'm plasma membrane; and (iv) an innermost cortical layer, which

produces the materials for wall-formation after fertilisation. Levring

agrees with other observers that the eggs of Fucus, both before fertili-

sation and in their post-fertilisation behaviour {see p. 20), are remark-

ably like those of the sea urchin. Both before and after fertilisation,

the egg is in a state of active metabolism.

The penetration of the spermatozoid into the ovum and the rapid

nuclear fusion which follows—a matter of minutes according to

Farmer and Williams (1898)—set in motion a sequence of biochemical

changes. Within a few minutes a fertilised egg secretes a surrounding

membrane, whereas an unfertihsed one does not. If fertilised and

unfertilised eggs are placed in fresh water, the former burst at one

point, the contents being extruded through the hole, whereas the latter

do not burst but simply swell up and become altered in appearance.
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Various observations recorded by Farmer and Williams suggest that

rapid and probably complex metabolic changes are associated with, or

induced during, the period when the spermatozoids are being attached

to the ova and the subsequent fertilisation and post-fertilisation phases.

The evident repulsion of spermatozoids from the ovum as soon as

fertilisation has taken place is probably a biochemical phenomenon.
Levring (1952) has suggested that a substance acting like dupunol is

released from the egg at the moment of penetration by a spermatozoid.

This causes the spermatozoids in proximity to lose their mobility.

Oospheres passing out from the conceptacles may become fragmented,

and these fragments, which are of variable size and mostly enucleate,

become rounded-off, attract spermatozoids like normal ova, and form
an enveloping wall. Their further development and segmentation have

not, however, been observed. Farmer and Williams have called

attention to the fact that whereas the unfertilised ovum has a micro-

scopically indeterminate, somewhat frothy homogeneous protoplasm,

the zygote has a distinctly alveolar cytoplasm with spindle-shaped

aggregates of chromatophores, or striations, disposed in a radiate

pattern in relation to the nucleus.

Levring has shown that the wall which is formed soon after fertihsa-

tion consists of two layers : (i) the outermost is the remnant of the egg

membrane covered with the gelatinous coat; (ii) the innermost is

strongly birefringent and comprises rod-shaped molecules tangentially

arranged on the surface of the egg. This layer contains cellulose and
polysaccharide sulphates (fucoidin). The cortical layer also contains

fucoidin. Various enzyme systems are involved in these surface and
sub-surface reactions. It appears that, at fertilisation, cell wall material

is released from the periphery of the egg, mainly in the cortical layer,

from whence it is forced through the plasma membrane. It reacts with

the egg membrane, the new wall being formed on its inner side. As
wall formation begins before the spermatozoid has fused with the egg

nucleus, it is not determined by the diploid nucleus.

In the eggs of Fucus, as in the meristematic tissues of vascular

plants, auxin (indole-3-acetic acid) is closely associated with growth
and morphogenesis. Olson and DuBuy prepared extracts of growth-

regulating substances from (1) egg cells, (2) spermatozoids, (3) fertile

branch tips and (4) thallus of Fucus vesiculosus, and showed, by using

the Avena test, that high concentrations are present in (1) and (2) and
lower concentrations in (3) and (4). This work, which was undertaken
to explore a possible relationship between the presence of a growth-

regulating substance and polarity, was taken a stage further by these

investigators when they were able to demonstrate, by using the neat

experimental technique illustrated in Fig. 3c, that the polarity of the
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fertilised egg can be regulated by a local application of auxin. When
an egg was placed at the end of a very fine capillary containing the

growth-substance in solution, the rhizoid originated towards the

capillary, and the first dividing wall was at right angles to it: in the

untreated controls, the rhizoid grew out at random. This and other

evidence indicates that auxin is both present in the fertilised egg and is

a factor determining polarity. The accumulation of auxin at some

particular locus in the egg is, of course, another problem.

That metabolism is very active in the pre- and post-fertilisation egg

of Fucus is clearly shown by the data of respiration studies (Whitaker,

1931). UnfertiHsed eggs of Fucus vesiculosus in the dark consume about

5-2 cu. mm. of oxygen per hour per 1000 eggs at 18°C, a high rate as

compared with that of marine invertebrate eggs. With an illumination

of 100,000 foot candles, Fucus eggs liberate in photosynthesis more than

twice as much oxygen as they consume. There is a sharp increase in the

consumption of oxygen immediately after fertilisation (to 190 per cent

of the pre-fertilisation rate). This rate is maintained uniformly for

about 13-14 hours after which there is a slight increase until 24 hours.

At 18°C about 50 per cent of the eggs had undergone their first cleavage

after 13-18 hours—average 15 hours. These data suggest that, in

certain respects, the phenomenon of fertiUsation is essentially similar

in marine plants and animals.

Information on the constitution of the fertilised egg in Fucus is

afforded by experiments in which eggs were subjected to unilateral

irradiation with monochromatic ultraviolet light and then placed in a

hypertonic sea-water-sucrose solution: 95-97 per cent of the eggs

showed a polarised plasmolysis, the non-irradiated half which would

normally have given rise to the rhizoid being affected. Reed and

Whitaker (1944) have suggested that when water is withdrawn the non-

irradiated half of the egg shrinks, the other half having been stiffened,

strengthened and rendered more viscous by the treatment. These

plasmolytic effects can be demonstrated considerably earlier than the

first appearance of the rhizoid, i.e. metabolic changes precede the

visible morphological development. The responsiveness of eggs to

irradiation and plasmolysis increases gradually after fertilisation

reaching a maximum after about 7 hours and remaining at that level

for about 3 hours.

When fertilised eggs of Fucus furcatus f.
luxurians were placed in

sea water in a salinity range of 60-150 per cent of the normal con-

centration, practically all formed normal rhizoids and continued to

develop. In sahnities greater or less than 90-100 per cent normal,

4-day embryos showed a reduction in their growth rate (elongation).

Below 60 and above 150 per cent salinity there is a rapid decline in
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rhizoid formation. At 10-20 per cent salinity the eggs burst and cytolyse

and in concentrated sea water development is inhibited but this may be

reversible (Whitaker and Clancy, 1937).

After fertilisation there is a relatively long delay—12-24 hours,

average 18 hours—before rhizoid-formation begins in eggs kept in

darkness at 15°C. The first cell wall, separating the rhizoid from the

spherical body of the zygote, is visible after about 25 hours. In con-

sidering how various experimental treatments affect the egg of Fucus,

Whitaker (1940) points out that the physiological and morphogenetic

analyses require consideration of both the metabolic and biophysical

aspects, which are, in fact, inseparable.

Indications of metabolic and biophysical changes in the Fucus

zygote are afforded by its response to light. In fertilised eggs reared in

the dark at 15°C, the susceptibility to light (as indicated by the induction

of rhizoids on the non-illuminated side) begins 3-4 hours after fertilisa-

tion and ends at about 16-18 hours, the maximum response being at

8 hours. But this period of maximum susceptibility to light precedes

the rhizoidal outgrowth by several hours: 8-10 hours elapse before 50

per cent of a population in the dark develop protuberances. (Whitaker

and Lowrance, 1936). From such data it may be inferred that only

when various metabolic and other changes have taken place is the

zygote competent to react to certain morphogenetic stimuli.

The effect of centrifuging the eggs of Fucus and other algae has

already been mentioned (p. 19). Whitaker (1940) has shown that when
fertilised eggs of Fucus furcatus are stratified by ultra-centrifuging,

most of the eggs remain spherical and the stratifications usually persist

during rhizoid formation and until the first transverse wall appears.

In normal sea water, with a pH of 7-8-8-1, in the dark, the rhizoid grows

out at the centrifugal pole ; but if the sea water is acidified to a pH of

6-0, the developmental response is reversed, the rhizoid being formed in

the centripetal half (Fig. 4). If the pH is between 6-0 and 8-0 the

response of a population of eggs is intermediary, the rhizoids arising

at random with respect to the stratification. To explain these experi-

mental data Whitaker points out that the rhizoid typically forms at the

more acid end where there is an associated accumulation of auxin, and

he has suggested tentatively that the centripetal or lipoid pole (at which

there is an accumulation described as an oil cap) has less buffer capacity

than the centrifugal pole, and that its pH is therefore more affected by

the pH of the medium. An internal pH gradient would result unless the

pH of the medium and the protoplasm were identical, and its direction

would be reversed in a medium at pH 8-0 as compared with pH 6-0.

In these experiments Whitaker also observed that 'a group effect' i.e.

the effect of diffusates from adjacent eggs, may be superimposed on the
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Stratification effect when eggs develop in close proximity at pH 60 and

that auxin (indole-3-acetic acid) in the medium at pH 6-3 and 8-0

tends to promote rhizoid formation at the centripetal pole.

Whitaker has also explored the effect of mechanical factors on the

growing Fucus egg. When fertilised eggs of F. furcatus were suclced into

a small pipette while the cell wall was still hardening, the elongated

shape which they assumed was retained when they were released into

sea water. In normal sea water, at pH 7-8-8-2, the rhizoids grew out

at or near one end of the long axis, and cell division took place at right-

angles to this axis. The shape imposed on the zygote thus determined

its polarity. But when similar zygotes were released into sea water

acidified to pH 6-0, rhizoids were typically formed towards the base of

the dish, i.e. where the concentration of diffusates from the eggs would

be greatest. A biochemical effect is thus able to overcome the

mechanically-imposed shape effect in the determination of polarity

(Fig. 4).

Not only are there well marked differences in the oogenesis of

different genera, but this also holds for the size of the ova, the time

required for fertilisation (e.g. 15-16 minutes in Halidrys as compared

with a few minutes for Fucus), and their reactions during and after

fertihsation. These differences are indicative of differences in the

respective genetical constitutions. Some of these may be of a far-

reaching kind. For example, in Fucus the egg is naked and free-

floating, whereas in Pelvetia and several other genera it remains en-

closed within the oogonial wall, and actually undergoes its early

embryonic development therein (Thuret, 1854; Fritsch, 1945, p. 372-

374). In Sargassum and Bifurcaria the extruded oogonia remain for

several days attached to the inside of the conceptacle by means of long

gelatinous stalks {see p. 54).

Early Embryonic Developments. In Fucus, Ascophyllum and Pelvetia

the division of the zygote nucleus is followed by the formation of the

first transverse wall. In Himanthalia it is otherwise, several nuclear

divisions taking place before segmentation begins {see Figs Id; 2b;

3d; 6e; 11f-l).

The unfertilised (or newly fertilised) ovum either has no definite

polarity or a very labile and readily alterable one. As we had seen in

Chapter III, polarity may be determined by such factors as the entry

of the spermatozoid or other random disturbances, by unilateral

illumination, gradients of electrical potential, temperature, pH, auxin

or other substances diffusing from the zygotes, and by the redistribution

of materials effected by centrifuging. It may be assumed that the

materials in the zygote are initially symmetrically distributed about the

central nucleus. In relation to one or more of the factors indicated
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above, a redistribution of materials takes place within the zygote: a

superficial pellicle is soon formed, while later a pale or colourless

rhizoid grows out at a particular locus, affording evidence that the

materials of the zygote have now a heterogeneous and polarised

distribution. The estabhshment of polarity is, in fact, accompanied if

not caused by a characteristic and persistent distribution of the sub-

stances essential to growth and morphogenesis. Whether there is also

some attendant arrangement or orientation of the 'fine structure' of the

protoplasm, i.e. of the long-chain protein molecules, is not known.

Since the rhizoid grows out from the least illuminated side, and also

from the side which is exposed to the highest concentration of diffusate

from other zygotes, its downward growth towards the substrate follows

naturally. In different natural circumstances, i.e. in the several habitats

and environments in which the species of the Fucales grow, some
diversity in the early ontogenetic development is to be expected, and

this may be accentuated by genetical differences. As a fact, different

segmentation patterns are found in different genera and species. Thus,

in Sargassum UnifoUum, Fig. 11k, l, the rhizoidal cell is initially small

and inconspicuous, while, at an early stage, a median longitudinal wall

divides both the upper and lower regions of the pear-shaped zygote.

When the zygote of Fucus divides, the first transverse wall separates

the rhizoid from the spherical region, Fig. 2b. As the rhizoid continues

to elongate, a second cross-wall is laid down; simultaneously a trans-

verse wall also divides the spherical region into an upper (or distal)

and a lower (or proximal) segment. Fig. 3d, the former being normally

somewhat larger than the latter. The embryo now consists of a row of

four cells. A longitudinal wall next divides the upper segment, and a

second longitudinal wall at right-angles soon follows, the distal region

of the embryo now consisting of four quadrants, Figs Id, 11f. At this

stage the segmentation pattern closely resembles that of certain

archegoniate and seed plant embryos. A phase of rapid growth now
follows. Further transverse and some longitudinal divisions take place

in the rhizoidal portion while the distal segment divides by a transverse

wall, so that two quadrant tiers are now present, Periclinal walls are

now laid down. Fig. 11 G, the outer or peripheral cells becoming photo-

synthetic and histologically distinguishable from these of the central

region. Meanwhile the rhizoid has elongated considerably, divided by

walls which may be oblique and, in response to tactile stimuli, has

become attached to the substratum. The primary rhizoid is later

supplemented by secondary ones, a compact holdfast system being

formed. All these basal cells, however, have the same physiological

character, and differ from those which constitute the body of the young
plant above.



Fig. 1 1 . Brown algae : embryonic developments in some of the

larger forms

A, B, C, Laminaria. A, L. saccharina. Young sporophyte seated on oogonium; a,

antheridia (after Kukuck); B, C, L. digitata. Young sporophytes becoming paren-

chymatous (after Kylin). D, E, Costaria turneri. Germlings (after Yendo). F-J,

Fiicus vesiculosus. F, Young embryo showing the first four walls 1-1-4^; r, rhizoid.

G, Older embryo, showing regular segmentation pattern. H, J, Older stages, show-

ing the origin of the apical cell of the thallus at the base of the first terminal mucila-

ginous hair, hi; h^, second hair; /, initial cell (after Nienburg). K, L, Sargassum

linifolium. Segmentation of the zygote; 1, 2, the two primary cells; r, rhizoid

(after Nienburg).
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The further growth of the embryo is characterised by abundant
anticHnal divisions and occasional periclinal ones in the peripheral

layer; the inner cells, on the other hand, tend to enlarge with fewer

divisions. An incipient differentiation of tissues thus takes place. The
embryo as a whole is now elongating and widening distally, i.e. it

shows obconical development.

Naylor (1953) has followed the development in culture of embryos
of Marginariella urvilliana, a submerged, endemic New Zealand

member of the Fucales. The early development of zygotes took place

while they were still attached to the receptacle; the germlings sub-

sequently dropped off and became attached to the bottom of the culture

dish. The oospore is enveloped in a firm wall. The formation of the

rhizoidal protuberance is attended by the aggregation of denser cyto-

plasm in that locus. The first partition wall is now formed in an

approximately transverse or median position, but obliquely disposed

walls were also observed. The rhizoid, which typically bursts through

the oospore wall, is separated off from the body of the embryo by a

transverse wall. The further development of the embryo is in general

like that of Fucus.

As noted above, the early development in Sargassum is somewhat
different. Blomquist (1944) has given a general account of the embryo-

geny of the Sargassaceae. The discharged oval oogonium is anchored

on a stalk and lies outside the conceptacle and the developing embryo

usually remains attached in this position for 2-3 days until it has

developed into a several-celled structure. The zygote is first divided

across the shorter diameter into two approximately equal cells, if the

egg is ellipsoidal. At the second division, a small lenticular cell is cut

off at one end. Sargassum Unifolium {see above, and Fig. 11k, l) may
be an exception in this respect. The embryo proper develops by a

regular quadrate method of cell division until it has become many-

celled and an apical cell is established. There is considerable variation

among the different genera, and even among the species of one

genus (Sargassum), in the number of rhizoids and their mode of

formation.

At an early stage important developments begin to take place in

the most distal region of the embryo. The details for Fucus are as

follows. Of the distal group of superficial cells, one—the initial cell—
develops a conspicuous nucleus and grows out as a hair. As it lengthens,

what has been described as a meristem {see Fritsch, 1945; and the

authors cited by him) appears above the initial cell (Fig. 11h). The
hair, in fact, undergoes a kind of intercalary or trichothallic growth.

The initial cell, however, remains unchanged during this and the sub-

sequent course of events. As the hair develops, the adjacent cells grow
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rapidly, separate from the hair and form a rapidly-widening funnel-

shaped depression round it. Cells adjacent to the initial cell also grow
out as hairs, so that the embryo is characterised by an apical tuft of

hairs. The first hair soon becomes disorganised and shrivelled but its

initial (i.e. basal) cell persists, and it is this cell which thereafter con-

stitutes the apical cell proper of the embryo. As Fritsch (1945) points

out, the origin of the apical cell below a trichothallic meristem recalls

the condition met with in certain Ectocarpales. It is not at present

known whether the apical cell originates in a similar manner in other

Fucaceae. In Pelvetia and AscophyUiim, the young embryos do not

show the characteristic distal tuft of hairs seen in Fuciis.

All young embryos in the Fucales thus far investigated have a

'three-sided' apical cell lying in a distal depression. Actually the cell

is like the basal portion of a truncated three-sided pyramid, the base

being directed inwards: in longitudinal section it appears to be

biconvex. This cell cuts off lateral segments which, on dividing by

periclinal walls, give rise to the peripheral and inner tissues of the

thallus.

At an early stage in the embryogeny of Fucus, the distal region of

the thallus begins to flatten and, as growth proceeds, the strap-like

soma is seen to have a midrib, while the apex occupies a slit-like

depression extended in the plane of flattening. At this stage, probably

in relation to the inception of bilateral symmetry, the three-sided apical

cell is transformed into a four-sided one, i.e. it is now like the basal

portion of a four-sided pyramid. It is thought that this definitive apical

cell arises from the three-sided one by longitudinal division. In Fucus,

the four-sided apical cell gives rise successively to basal segments,

which form the central medulla, to segments from the narrower faces,

and then to a segment from one, sometimes both, of the broader lateral

faces. This last segment is often as big as the apical cell and, in fact,

it affords a histological basis for the bifurcation of the thallus, i.e. the

lateral segment becomes an apical cell. As each of the two apical cells

cuts off a considerable number of segments, they become separated and

give rise to the two limbs of the dichotomy. The lateral segments

collectively give rise to the inner and outer peripheral tissues.

Lastly, in considering how the characteristic organisation of the

plant becomes manifest during the ontogeny, it should be noted that

in the Fucales it is not enough to study the apical cell and its characteris-

tic divisions : in these algae, as in the ferns, a well developed superficial

apical meristem, with distinctive component cells, becomes organised

during the ontogenetic development, the formation of the lateral

members, and the orderly development of the plant as a whole, being

referable to this meristem. There is, in fact, a quite remarkable
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parallelism between the apical meristems of the Fiicales and the ferns

(and also some other pteridophytes, e.g. Selaginella). The dichotomous

branching of the thallus in Fucus, Pelvetia and AscophyUum is strongly

reminiscent of the dichotomy of the shoot or rhizome seen in ferns and

species of Selaginella. But in AscophyUum there is also monopodial

branching, and this affords a close parallel with the monopodial

branching in leptosporangiate ferns such as Matteiiccia, Onoclea,

Dryopteris and Athyhum. In these ferns the lateral branches normally

arise later in the development from quiescent bud rudiments, or

detached meristems, these having initially constituted part of the apical

meristem. (Wardlaw, 1943, etc.). Now, in AscophyUum, Seirococcus

and Halidrys, the rudiments of the lateral branches also have their

inception in the apical meristem. A longitudinal section parallel to the

strap surface of the thallus in AscophyUum or Seirococcus, or through

the apex of Halidrys, shows the characteristic apical meristem. Among
the meristematic cells are some with conspicuously dense protoplasmic

contents. As growth is more rapid in the intervening cells, these dense

but somewhat inactive meristematic cells come to occupy depressions in

the thallus and are left behind as the apex grows on—a process in many
respects closely comparable with the isolation of detached meristems

in ferns. Subsequently these meristematic cells may become active and

give rise to a lateral branch or branches. In the brown seaweeds, as in

the ferns, these lateral apices, and the branches to which they give rise,

do not occur at random: they occupy definite and regular positions

and hence the adult plant is characterised by a harmonious and dis-

tinctive configuration. Halidrys, for example, has alternating branches,

while Sargassum has regularly disposed lateral branch systems of some
complexity.

The embryogeny and subsequent development of the Fucales are

thus in many respects closely parallel to, and commensurate with,

those of vascular plants; in particular, the ferns. The problem of

homology of organisation is thus raised in a particularly acute and

interesting form, in that it relates to organisms which can have only

the most remote taxonomic relationship, if, indeed, it can be held that

there is any affinity at all.

Anomalous Developments. Various anomalous developments have

been observed. In some fertilised eggs the nucleus divides first and the

rhizoid rudiment develops subsequently; in others, the zygote divides

repeatedly but remains spherical, with no evidence of rhizoid formation

even in cultures a month old (Farmer and Williams, 1898). The reasons

for these developments are not known. As we have seen, this type of

development is normal in Himanthalia. Some of the Fucales e.g.

Halidrys, are characterised by a delay in the production of rhizoids
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and then several develop at a common point. When such a delay

occurs in Fiicus or Ascophyllum there may also be a development of

several rhizoids, or the single rhizoid may branch profusely (Farmer

and Williams, 1898). Kniep (1907) has described various anomalies in

the formation of rhizoids and in the initial segmentation of the zygote

in experimental and other materials.

Parthenogenesis. Overton (1913) has reviewed the evidence relating

to parthenogenesis in the brown algae and has expressed agreement

with some earlier workers that this phenomenon is probably of rare

occurrence in Fucus. He has shown that some embryonic development

can be induced in unfertilised eggs by the experimental treatment used

by zoologists for eggs of various invertebrates. Batches of eggs of

Fucus vesiculosus, in which great care had been taken to exclude and

eliminate any contamination by spermatozoids, were placed for 1-5-2

minutes in 50 c.c. of water to which 3 c.c. of 0- 1 m of acetic, butyric or

other fatty acid had been added. In the course of 10 minutes many of

the eggs treated with acetic and butyric acids formed a membrane or

wall comparable with that of a fertilised egg. Most of the eggs con-

tinued to develop, became pear-shaped, formed a rhizoid, and under-

went segmentation within 24 hours, this being followed by other cell

divisions of the usual kind. In cultures which were kept properly

aerated, plantlings developed which were indistinguishable from those

resulting from normal zygotes. Overton has called attention to the

close parallelism between these developments in Fucus eggs and those

observed in the eggs of various marine animals.

The cytology of the induced embryos was not investigated by

Overton, but he points to the interest that would attach to the rearing

of such plants to sexual maturity—unless, of course, a doubhng of the

chromosome number takes place at some point during the vegetative

development.

RED ALGAE

Although the red algae probably constitute a taxonomically coherent

group, the several subdivisions show considerable morphological

diversity and specialisation. Thus there are procumbent and erect

filamentous types, heterotrichous types, and uniaxial and multiaxial

types. In many species the young plants, whether originating from

carpospores, tetraspores or monospores, are characterised by a polarised

filamentous development. Figs. lE, f; 2c; 6a-d; 12. These organisms

have a further interest in that closely comparable, if not identical,

somata are formed from the diploid carpospore and the haploid

tetraspore. The developmental data for the more bulky uniaxial and

multiaxial forms raise special problems on which we have thus far



58 EMBRYOGENESIS IN PLANTS

little information. In them the germinating spore divides, with a greater

or less degree of regularity, to form a basal cushion or attachment disc,

the centre of which grows out to form the thallus, Fig. 12u-w. The
data, which have been surveyed in some detail by Fritsch (1945),

indicate that the red algae do not all conform to one pattern in their

embryonic development. Accordingly, the group is one which is likely

to repay a closer examination.

Oltmanns (1904) has described three types of development in the

group. Kylin (1917) has also described three types, including and
extending the Oltmanns types, as follows: (i) the germ-tube type,

found in the Nemalionales and some Cryptonemiales
;

(ii) the attach-

ment-disc type, as in Gigartinales, Rhodymeniales and many Cryptone-

miales; (iii) the erect type, as in the Ceramiales. Chemin (1937), on
the basis of an extensive investigation, considers that it would be more
appropriate to recognise five types of young plantling. He would
retain the polarised or erect Ceramium-typQ as a well-defined configura-

tion. Contrary to the view of Kylin, he would retain the hemispherical

type of Oltmanns which Kylin had included in the attachment-disc

type; because of its similarity to the morula in animal embryogeny,

he suggests that it might be referred to as the morula type (type

moruleen) but he suggests the designation Dumontia-typQ. As to

Kyhn's germ-tube or filamentous type, Chemin considers that this in

reality comprises three types: (i) the Nemalioii-typQ, in which the

spore-contents move entirely into the germ-tube
;

(ii) the Gelidium-typQ,

which is more accurately designated as an attachment-disc type; and
(iii) the Naccaria-type, in which the spore is not emptied of its contents.

Chemin notes, however, that while these five types show well marked
differences, they are in no sense absolute, intermediate types being also

known. He also observes that the adult form is seldon realised from
the outset: almost invariably it is preceded by a more or less charac-

teristic embryonic form—like the protonema in the development of a

moss. Without necessarily adhering closely to the so-called types,

some features in the embryogeny of various red algae may now be

briefly noted.

In Nemalion multifidum. Fig. 12a-d, the essential features of

the germ-tube type of development are well seen. The carpospore

germinates to form a tube or filament into which all the spore-contents

pass, and a transverse wall is formed. The distal cell now elongates and
undergoes further divisions, and soon, or after some time, the lower-

most cell gives rise to a rhizoid. Similar developmental features are to

be seen in Batrachospermum and Lemanea among the Nemalionales,

in Grateloupia, Halymenia, Dudresnaya and Cryptonemia among
Cryptonemiales, and in Gelidium among the Gelidiales, (Killian, 1914;



Fig. 12. Red algae: young plants
A-D, Nemalion miiltifidum. Germlings from carpospores (x 390). E-H, Poly-
siphonia nigrescens (x 280). i-U, Bangiafuscopurpurea. Germination of spores of
two kinds. N, O, Cystoclonium purpiirascens (x 520). P-T, Ceramium rubrum
(X 280). V-W, Bonnemaisonia asparagoides. (U, V, x 380; W, x 300); (J-M,

after Drew, all others after Kylin).
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Kylin, 1917; Fritsch, 1945). The plantlings obtained from monospores

of Bangia fiiscopurpiirea. Fig. 12J-M, may be either of the germ-tube

type (the Naccaria-typQ of Chemin) or of the erect type, the reason for

the different kinds of growth not being understood. Thus, when Drew

(1952) cultured spores of this species, she found that at first the spores

gave rise to a creeping horizontally-growing filament, whereas later

germinations from the same material showed a gradual transition to the

upright type.

The ontogeny of Nemalion has the added interest that, from the

simple beginnings illustrated in Fig. 12a-d, a multiaxial, cylindrical,

dichotomising and sometimes branching thallus is built up. Fritsch

regards the development of Nemalion as being essentially heterotrichous,

a basal system of short rounded cells giving rise to well-branched erect

filaments. In these developments, as also in the inception of differentia-

tion as between the central and cortical filaments of the cylindrical

thallus, there is scope for the investigation of the related morphogenetic

factors.

The attachment-disc and hemispherical types of development are

well seen in such genera as ChylocJadia, CystocJonium, Fig. 12n, o,

Dumontia, Bonnemaisonia, Fig. 12u-w, and Chondrus. The spore,

surrounded by its gelatinous coat, becomes attached to the substratum

and, without increase in size, divides by a vertical wall and then by a

second vertical wall at right-angles to the first, Fig. 12n, u. Divisions

by horizontal walls and further vertical divisions follow. A centrally

placed cell on the upper side of the hemispherical embryo now becomes

a locus of growth and grows out to form the thallus, while cells along

the base develop as rhizoidal attachment structures, Fig. 12o, v, v/.

Contemplation of the high degree of regularity in the segmentation

pattern, and in the sequence of the developmental phases usual in these

organisms, leaves little doubt that we are here concerned with a true

embryogeny, comparable with that found in the brown algae and in

higher plants, and also, in some respects, with features found in the

development of some marine animals. Here it is appropriate to note

that the type of embryogeny described above may precede and give

rise to both uniaxial and multiaxial types of construction : CystocJoniiim,

Fig. 12n, o, RhodophyUis and Plocamium, for example, are specialised

uniaxial forms, while Chondrus, Gigartina, Chylocladia, Rhodymenia

and Lomentaria exemplify multiaxial construction.

In the erect type of embryogeny, the spore elongates and divides by

successive transverse walls, the distal cell becoming the apical cell,

while the proximal cell develops as a rhizoid. Typical examples are

seen in the Ceramiales, e.g. Antithamnion, Fig. 6a-d, Ceramium, Fig.

lE, f; 12p-t, Polysiphonia, Figs. 2c; 12e-h, and Delesseria, Fig. 7a.
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After the first few transverse divisions of the elongating embryos have

taken place, longitudinal divisions follow, these being distinctive for

different genera. This is at once evident in a comparison of the

segmentation patterns in Ceramium, Polysiphonia, Delesseria and other

forms. The close similarity between these embryos and those of the

Fucales and archegoniate plants is evident: polarity is determined at

an early stage, the distal cell becomes the seat of growth, and the whole

embryonic development is characterised by great regularity in the

cellular pattern. Further evidence of the existence of important

homologies of organisation in the early stages of development is thus

afforded by this brief survey of the red algae.

Like the green and brown algae, many of the red algae show evidence

of polarity as soon as spore germination begins. This is particularly

conspicuous in the erect type of embryo, seen in the Ceramiales ; it is

also seen in the germ-tube type. In the hemispherical and attachment-

disc types of germling there is also presumably an early establishment

of polarity, though in these organisms polarised or axial development

may not be evident for some time; and it is accompanied, or preceded,

by quite a different type of segmentation pattern from that seen in

filamentous and erect types. Nevertheless, in organisms such as

Cystoclonium or Bonnemaisonia it could be argued, on the morpho-
logical evidence, that polarity is established as soon as the spore

becomes attached to the substratum. If so, then in these organisms

there is a departure from the fairly general rule that the first dividing

wall is at right-angles to the axis of the embryo. Experiments relating

to the effect on polarity of centrifuging have been briefly noted in

Chapter II.

Since the spores are pigmented and photosynthetic bodies, light has

an important effect on their development. The food reserves within

the spores are apparently relatively small in amount and hence, as

Chemin has pointed out, the rapidly growing germs soon show modified

and arrested development if kept in the dark. The spores are also

readily disorganised by excessive illumination, especially by exposure

to ultra-violet radiation. Direct sunlight and temperatures above 35°C

also cause disorganisation.

SUMMARY

Although at the outset the existence of true embryogenesis in the

algae was only tentatively postulated as a working basis, the data which

have been set out in this Chapter undoubtedly justify the position which

has been adopted: the algae have an embryogeny just as have the

higher plants and, indeed, afford many close parallelisms with them.

It is true that in some of the algae, especially the green and the simpler
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brown and red algae, there is little in the initial development that is

strictly comparable with the embryogeny of land plants. But in all the

larger, more advanced and elaborate forms, especially among the brown
and red algae, the details of the early development are closely

comparable with what we find in archegoniate plants. The early

determination of polarity, the axial development, the early inception

of a self-determining, distal growing point, the regularity of the seg-

mentation pattern, in short, all the developments by which embryos

are usually characterised and described, are found in the algae. These

parallelisms are the more remarkable in that in the algae the develop-

ment takes place in a purely aquatic environment and independently of

parental nutrition.



Chapter V

EMBRYOGENESIS IN THE BRYOPHYTA

THIS subdivision includes the simplest and most primitive members

of the Embryophyta, i.e. land plants in which an embryonic phase

follows the fertilisation of an enclosed ovum. Bryophytes and pteri-

dophytes have been treated by some botanists as subdivisions of one

great and related group—the Archegoniatae; but others have held

that the presence of an archegonium in the two groups is merely

evidence of parallel evolution from algal ancestors. In bryophytes the

conspicuous phase of the life cycle is the gametophyte, the plant

consisting of a flattened thallus in liverworts such as Marchautia or

Pellia, or of a leafy or foliose axis in the leafy liverworts and mosses.

Although some of these gametophytes are at a relatively low level of

organisation, their development can be referred to an apical growing

point : hence it may be of interest to consider the development both of

the free haploid spore and of the enclosed zygote.

The embryonic development, which follows the fertilisation of the

ovum, takes place within the enlarging venter of the archegonium.

Indeed, in many bryophytes, the sporophyte remains within an

enveloping calyptra—an organ of gametophyte origin—until its

dissolution at spore dispersal. The whole sporophytic development in

bryophytes is of a very limited kind—a brief embryogeny on which a

sporogenous phase quickly supervenes. The initial embryonic phase,

in fact, passes almost directly into the sporogenous, reproductive phase,

whereas, in other classes of Embryophyta, the embryonic and reproduc-

tive phases are separated by a very considerable period of vegetative

development.

In the liverworts the sporophyte remains dependent on the game-

tophyte for most of its nutrition and for protection until the time of

spore dispersal {see pp. 82, 83). In the mosses, with some exceptions,

the sporophyte attains to a greater somatic differentiation and develop-

ment, and contributes to its nutrition by means of a photosynthetic

system. The several aspects of vegetative development in the bryophytes

were held by Bower (1908, 1935) to exemplify the advance of the

sporophyte, but others, e.g. Wettstein (1903-1908), Goebel, (1930),

Evans (1939) and Bold (1948), have given reasons for the view that the

Hepaticae would more truly be interpreted as exemplifying a reduction

series {see p. 83). In phanerogams the embryo in the mature seed

63
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constitutes a well-defined 'stage' in the development of the sporophyte

:

in bryophytes, no such definitive embryonic stage can be indicated.

The growth of the sporophyte is continuous and uninterrupted and the

embryonic and adult phases are, as it were, telescoped together so that

it is virtually impossible to say where one ends and the other begins.

EARLY DEVELOPMENT OF THE GAMETOPHYTE

The haploid spore on germination gives rise to a germ-tube or

filament, sometimes described as a protonema. From the outset, as in

Riccia, there is an evident movement of the granular cytoplasmic

materials from the spore to the distal end of the germ-tube, a densely

protoplasmic growing region being thus established. This filamentous

development is generally comparable with that seen in the algae and

with the initial embryonic development in vascular plants. The distal

region of the filament next becomes separated off from the remainder

by a transverse wall. As growth continues, further transverse and then

longitudinal walls are laid down. The distal cell retains its identity as a

recognisable apical cell, the eventual multicellular thallus being formed

by its continued meristematic activity. In diff'erent species characteristic

and regular segmentation patterns can be recognised both in the initial

developments and at the apical meristem, Figs. 6h-l; 15m; 17l. In

some bryophytes, e.g. Pellia, Fig. 15m, and Sphagnum, the spore

contents may undergo a number of regular divisions, a cellular pattern

being thereby constituted before the germling emerges from the

exospore. The moss spore on germination yields a branching fila-

mentous structure—the protonema—which grows by the division of a

distal cell. This initial development closely resembles that of fila-

mentous green algae. Thus, although we are here dealing with game-

tophytic material, i.e. with the growth of a spore which is not encased

in surrounding tissue, nevertheless the early stages of development are

not unlike some of those encountered in the development of the

sporophyte. In particular, we may note that although the liverwort

thallus, e.g. that of Riccia or Marchantia, is a non-vascular structure,

it nevertheless attains to a certain level of organisation ; and this can

be referred to the early establishment and subsequent activity of an

apical growing point. In some Jungermanniales, and in the mosses,

the gametophyte is an axial structure consisting of an axis and lateral

foliar members. Moreover, in large species such as Polytrichum, a

primitive or incipient central conducting system is differentiated. All

these features, both external and internal, are due to the activity of an

apical cell. Here, then, we have gametophytic developments which are

in some important respects comparable with the sporophytic develop-

ments found in the pteridophytes and seed plants.
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Biinning and Wettstein (1953) have shown that the polarised

development of the germinating spore in Funaria can be suppressed by

various chemical treatments.

THE DEVELOPMENT OF THE EMBRYO! GENERAL ACCOUNT

In most bryophytes, the Anthocerotae being an exception, the

archegonium is typically free and seated on a short stalk, i.e. it is not

(fh

Fig. 13. Liverworts: segmentation of the zygote and development of

the sporophyte in the three principal groups

A, Anthocerotales. B, Marchantiales. C, Jungermanniales. I-Ij, the first partition

wall of the zygote. In the Marchantiales, Meyer distinguishes filamentous and

quadrant types, the latter being held to be derivative. (After Miiller).

embedded in the tissue of the gametophyte. The fertilised egg is there-

fore unlikely to be affected by compression due to the contiguity of

prothallial tissue, (though it might be by the stout venter wall), while

effects of gradients, other than those of gaseous concentration, must be

exercised by way of the stalk. That metabolic gradients determine or

affect the position and formation of the archegonia as well as embryo-

genesis seems probable, but the relevant facts have still to be obtained.
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The bryophyte ovum is a spherical, elhpsoidal or pear-shaped body

which is free within the venter, i.e. it does not fill the whole of the venter

cavity. The indications are that the protoplasm of the ovum is probably

not homogeneous. Thus Cavers (1904) has depicted the egg in

Couocephalum conicum as being ovoid with a clear receptive spot at the

upper end, while Meyer (1929) has described and illustrated it as an

inverted pear-shaped structure with dense protoplasm at the base and

more vacuolated protoplasm above. Very soon after fertilisation, if not

before, the polarity of the embryo is established. All bryophytes have

an exoscopic embryogeny, the first partition wall of the zygote being

typically, though not invariably {see the Anthocerotae), at right angles

to the archegonial axis, Figs. 5a, 13. As conspicuous differences in the

growth of the upper (epibasal) and lower (hypobasal) segments soon

become evident, it could be argued that regional metabolic differences

were already present in the egg at the time of fertilisation. Factors

determining this heterogeneous, polarised distribution of metabolites

might include physiological gradients in the gametophyte tissue, an

oxygen gradient having its source at the open neck of the archegonium,

or disturbances caused by the entry of the spermatozoid into the distal

region of the ovum. In Anthoceros, the first partition wall is parallel to

the axis of the archegonium as in leptosporangiate ferns, but the

embryogeny is nevertheless typically exoscopic.

PARTHENOGENESIS AND APOGAMY

According to Steil (1939) parthenogenesis is unknown in bryophytes

but apospory has been described by a number of observers (cited by

Steil). Apogamy has been recorded for one moss, Phascum cuspidatiim

by Springer (1935); the apogamous sporophytes originated from

aposporously produced diploid gametophytes.

THE HEPATICAE—MARCHANTIALES

The initial embryonic developments are closely comparable in all

liverworts but some diversity is characteristic of the ensuing phases in

the diff'erent groups. Fig. 13. After fertilisation, the ovum in Marchantia

and related forms enlarges until it fills the venter, when it secretes an

enveloping wall. The zygote, now an ellipsoidal or pear-shaped body

extended in the axis of the archegonium, is divided by a transverse wall.

Fig. 14. In its further development, the embryo may show considerable

diff'erences in difl'erent genera: in some, the second wall is at right-

angles to the first and a quadrant stage results; in others, the next

partition walls are parallel to the first and a short filamentous stage

results. But in some species, e.g. Conocephalum conicum, both the
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quadrant and filamentous types of development have been recorded

(Cavers, 1904; Meyer, 1929).

The Quadrant Type. In some species such as Targionia hypophylla.

Fig. 14f, and Conocephalum conicum, as described by Meyer (1929),

the zygote is unequally divided into a large epibasal and a small hypo-

basal cell: on further development the former will give rise to the

capsule and seta, the latter to the foot or to the basal region of the seta

and the foot. In quadrant types, the embryo is next divided by longi-

tudinal walls at right-angles to the first wall and to each other, so that

it now consists of an octant of approximately equivalent cells. Although

we know very little about these cells, their subsequent developments

suggest that even at this early stage they are not all alike physiologically.

The cells of the hypobasal region function as the absorbing system of

the embryo from the outset, the individual cells tending towards a

parenchymatous type of development. The epibasal cells, on the other

hand, remain meristematic and constitute the region of active growth

and differentiation. After the octant stage the embryo begins to

elongate, the next divisions in both epibasal and hypobasal regions

being similar, and the segmentation pattern developed being of con-

siderable regularity. The divisions in the two regions do not, however,

proceed at the same rate, nor are they duplicates of each other. The

new walls are typically laid down at right-angles to the curved outer

wall and adjoin the internal walls as shown in Fig. 14c, g. Other

transverse walls are also laid down. Then, at a characteristic stage of

development, periclinal walls are formed and these divide the upper

region of the embryo into the amphithecium and endothecium, the

former giving rise to the capsule wall, the latter to the archesporium.

It is about this stage of development that we might perhaps regard the

embryogeny proper as coming to an end; for on further growth and

development the sporophyte becomes differentiated as a distal spore-

containing capsule with a short seta and a basal haustorial foot. In

these organisms there is, in fact, no sustained, adult vegetative phase,

antecedent to the spore-producing phase, as in pteridophytes.

The sporophyte in the Marchantiales, then, is characterised by a

very regular initial embryonic development which soon merges, or is

transformed, into the mature spore-bearing capsule. As in the develop-

ment of certain animal embryos, the fates of particular regions of the

developing germ are determined from an early stage. In that no steady

state of vegetative development is established, but rather that there is

an early transition from the embryonic to the sporogenous phase, we

may assume either that the quantity and quality of the nutrients being

received by the embryo from the parent gametophyte vary in a

characteristic manner during development, due perhaps to ageing, to
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photoperiodic effects, or other causes, or that particular genes, in a

consistent and orderly sequence, determine the highly regulated develop-

ment of these organisms. Alternatively, the regulated development may
be due to factors of some other kind, as yet unknown. To attempt to

describe the observed developments in terms either of metabolism or of

genie action, both of which are undoubtedly involved, is merely to

indicate how very little is known about these phenomena.

In several genera, e.g. Grimaldia, Plagiochasma, and in Conoceph-

alum conicum Fig. 14, the zygote, after filling the venter and dividing

transversely, continues to elongate and divides by several transverse

walls. The short, thick filament thus formed, consisting of 3 or 4 cells,

is also a very characteristic feature of the embryogeny of the Sphaero-

carpales. Fig, 14k. After some further transverse divisions, longitudinal

divisions appear towards the middle of the embryo. Oblique divisions

of the distal cell result in the establishment of a two-sided apical cell,

Fig. 14.

Meyer (1931 ; see also Miiller, 1951) considers that the filamentous

and quadrant types (as in Marchantia) are quite distinctive, the former

being the more primitive and the latter derivative. On this basis he

recognises two types of embryo in the Marchantiales, each including

both relatively simple and primitive forms and more highly differen-

tiated ones. Fig. 13. Among the filamentous types are Plagiochasma,

Conocephalum, Grimaldia, Reboulia, and Fimbriaria and probably also

Cryptomitrium and Cyathodium, while the quadrant type is exemplified

by Marchantia, Conocephalum, Preissia and by members of the

Astroporae, Ricciaceae and Corsiniaceae. Conocephalum conicum may
show either the quadrant or filamentous type of development.

The analysis of the problem of segmentation pattern can be taken

a stage further. There is support for the view that, at any particular

stage in development, the segmentation pattern is determined by the

shape of the organism, or organ, and by the internal distribution of

Fig. 14. Embryogeny in Marchantiales and Sphaerocarpales

A-D, Conocephalum conicum {Fegatella conica) (after Cavers). A, Embryo at

octant stage, showing the first and second partition walls. B, Similar embryo as

seen in transverse section. C, D, Older embryos, showing the regular segmentation

pattern ( x 360). E-G, Targionia hypophylla. E, Venter of mature archegonium
with ovum. F, The first division of the zygote. G, Regular segmentation pattern

(E, X 500; F, G, x 500). H, J, Riccia glaiica. H, First division of the zygote, as

seen in longitudinal section. J, Older embryo (x 260). K, Sphaerocarpiis sp.

Young embryo in l.s.; the fertilised egg elongates and divides transversely, and
further transverse walls are formed before any longitudinal ones appear ( x 260)

(E-K after Campbell). L-Q, Conocephalum conicum (after Meyer). L, Unfertilised

egg (x 900). M, Two-celled embryo (x 133). N, Second division of the zygote

(x 200). O, Four-celled embryo (x 200). P, Anomalous division in four-celled

embryo (x 200). Q, Older embryo with apical cell (x 133).
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metabolites. In some genera, the axial growth of the embryo con-

siderably exceeds its transverse growth, whereas in others such differen-

tial growth is considerably less evident. In the former the young

embryo will almost certainly divide by a sequence of transverse walls;

in the latter it is likely to divide into quadrants; both being in con-

formity with Errera's law. Since differential growth is probably gene-

controlled, (though it may also be affected by environment factors), it

follows that the initial embryonic segmentation pattern may have

phylogenetic significance. But in that relatively small genetical

differences may apparently have quite considerable effects on the

distribution of growth, as in Conocephalwu conicum, it would appear

that the extent of differentiation and of specialised development, rather

than the nature of the initial segmentation, are the criteria which should

be used as evidence of evolutionary status.

In the Marchantiales, the more elaborate members, e.g. Marchantia,

have an adult sporophyte which consists of a foot, a seta and a spore-

containing capsule, whereas in the simpler members, e.g. Riccia, Fig.

14h, j, the adult sporophyte consists of a mass of spores, with a sur-

rounding wall, one cell thick. Nevertheless, the early stages in the

embryogeny of Riccia are closely comparable with those in Marchantia,

i.e. there is an octant pattern of cell division. The division of the

octant cells by curved walls is also common to both genera but there-

after the close resemblance between them ceases. In Riccia the next

cell divisions are periclinal, an outer capsule wall and an inner arche-

sporial tissue being thus formed, i.e. the early embryogeny is followed

immediately by the sporogenous phase. The extremes of development

thus exemplified by Marchantia and Riccia are of special phylogenetic

interest, a number of intermediate conditions being also known, e.g.

in Dumortiera the sporophyte consists of a large sporogenous region, a

very short seta and a parenchymatous basal foot region.

From the evidence presented above, the Marchantiales seem likely

to afford a fruitful field for further studies of embryogenesis. Already

we have seen that, within a single species, e.g. Conocephalum conicum,

the early embryogeny may show considerable variability, under the

impact of either genetical or environmental factors. A somewhat

similar conclusion emerges from comparative studies of the embryogeny

in different species of Marchantia. In M. polymorpha, the embryo

passes through a characteristic quadrant stage (Durand, 1908). In

M. domingensis Anderson (1929) has shown that the spherical embryo

does not invariably divide by a transverse wall or pass through a typical

quadrant stage: other segmentation patterns are possible, e.g. the

epibasal cell may divide by oblique walls, yielding a two-sided apical

cell. In M. chenopoda the first dividing wall of the zygote is obliquely
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transverse, and sometimes very markedly so (McNaught, 1929). A
typical quadrant stage was not observed in this species. Two primary
transverse walls yield a short filamentous embryo of three cells, which
develop respectively into the foot, seta and capsule. In Marchantia sp.

from Peru, Heberlein (1929) observed the first division of the zygote to

be transverse or somewhat oblique. After a typical quadrant stage the

embryo broadens out, i.e. enlarges at right-angles to its axis. According
to the shape of the embryo, the next walls may be formed in somewhat
different positions, the successive divisions resulting in a spherical mass
of small cells. At this stage the cells are all much alike, but later those

in the distal half become more densely protoplasmic, i.e. in preparation

for the formation of the capsule. That species of the same genus do not

necessarily show the same type of early development is demonstrated

by the foregoing observations. Again, in two species of CyatJwdium,

C. cavernarum has a filamentous type of embryo (Lang, 1905) while

C.foetidissimum has an octant type.

Lastly, it may be noted that, following the fertilisation of the ovum,
the venter wall and the tissues round the base of the archegonium are

stimulated to a considerable growth development, the results being

seen in the formation of the enveloping calyptra and the pseudoperianth.

These developments are indicative of the active outward diffusion of

growth-regulating substances from the zygote and developing embryo
{see also p. 73, Fig. 16).

HEPATICAE—SPHAEROCARPALES

In the Sphaerocarpales the zygote is divided by a transverse wall

into two approximately equal parts. Each of these cells is again

divided by a transverse wall (or walls) before any vertical walls appear.

The young embryo thus consists of a simple row of cells as in some
Marchantiales, the first wall defining the epibasal and hypobasal

regions. In the hypobasal region, however, growth is considerably

less vigorous, the result being a pear-shaped embryo with a narrow
base. Fig. 14k. On further development the hypobasal region forms a

short, narrow seta and a somewhat distended parenchymatous foot.

Thus, although the early embryogeny in Sphaerocarpus is typically

filamentous, a not untypical hepatic sporophyte is eventually formed.

It is apparent that the growth rate at different points along the axis is

very different and it seems unlikely that this can be explained in terms

of metabolic gradients having their source in the gametophyte tissue,

though these are no doubt involved. The morphological development

is a distinctive and regulated one and, in order to explain it, it is neces-

sary to account for the differential distribution of metabolites in the

basal, median and distal regions. Genetic^] factors are, no doubt, of



72 EMBRYOGENESIS IN PLANTS

primary importance, but the actual working of the system is still very

obscure.

The filamentous type of embryonic development is also well seen in

Geothallus and Riella. The presence of chloroplasts in the sporophytes

of some of these Hepaticae indicates that they have some capacity for

self-nutrition. Studhalter (1938) has shown that when young sporo-

phytes of Sphaerocarpus texanus and RielJa americana were excised and
cultured in water, they continued their normal development and reached

maturity through their own photosynthetic activity.

HEPATICAE—JUNGERMANNIALES

In the Jungermanniales the embryogeny is typically filamentous in

its early stages, e.g. Aneura, Fossombronia, and many others. Fig. 15.

The zygote typically enlarges, elongates and becomes divided by several

Fig. 15. Embryogeny in Jungermanniales

A-D, Fossombronia longiseta. A, Young embryo in I.s. showing the first and
second walls, I-I, 11,11. B, C, Transverse and longitudinal sections of an older

embryo. D, An older embryo, showing the beginning of the archesporial differen-

tiation ( X 525 ; after Campbell). E, F, Porella bolanderi. Embryos in longitudinal

section ( x 525 ; after Campbell). G-J, FniUama dilatata. Embryos in longitudinal

section (x 300). K, Symphyogyna, Embryo. L, Blasia, Embryo. M, Pellia caly-

cina. Young gametophyte plant from spore, showing characteristic segmentation
pattern (x 420). (G-M after Lei tgeb).
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transverse walls. Median longitudinal walls are then formed, especially

in the epibasal region, Fig. 15f. Thereafter, the divisions in the epibasal

region are periclinal, an amphithecium, or capsule wall, and an

archesporial endothecium being differentiated. As in the Marchantiales,

the epibasal segment of the first zygotic division gives rise to the capsule

and seta, while the hypobasal segment forms the foot. The genus

Porella, Fig. 1 5e, f, exemplifies the filamentous type of embryo in which

the subsequent divisions are of a somewhat irregular nature.

POST-FERTILISATION DEVELOPMENTS IN THE GAMETOPHYTE

In the bryophytes, the dependence of the sporophyte on the gameto-

phyte is usually, and rightly, stressed. The movement of metabolic

substances, however, is not all in the acropetal direction: the developing

embryo may have important effects on the adjacent gametophyte

tissue. Indeed, in some species, conspicuous and biologically important

structural changes are induced in the gametophyte. The renewed

growth of the ventral region of the archegonium after fertilisation is

general in bryophytes, a protective calyptra being thus formed. The

adjacent tissues of the thallus may also be stimulated to grow. In

Corsinia and Boschia, Fig. 16a, b, a protective shield-like investment

grows up from the thallus and covers the developing sporogonium. In

the Jungermanniales, e.g. Pallavicinia, the embryro is first of all

protected by a considerably enlarged and elongated perianth: this is a

gametophyte structure which has undergone further growth as a result

of the stimulus of the embryonic development. Examples of remarkable

post-fertilisation gametophytic developments are found in those

Jungermanniales in which a 'pouch' or marsupium is present, Figs.

16c-G. As the illustrations show, the ensuing morphological changes

are of a far-reaching kind, in which the embryo becomes protected in a

characteristic pouch more or less deeply embedded in gametophyte

tissue. Among the mosses. Sphagnum and Andreaea show an interesting

post-fertiUsation gametophyte reaction in the development of a

pseudopodium, a stalk-like structure which elevates the maturing

capsule above the level of the foUage, in very much the same way as

does the sporophyte seta in the mosses. In the absence of fertilisation

and zygotic development, these several gametophyte developments in

liverworts and mosses do not take place.

anthocerotae

This group is sometimes included as an order of the Hepaticae, but

it has also been treated as a class commensurable with that group and

with the Musci. The sporophytic development of Anthoceros is of

special interest: it is held by some authors that Anthoceros is the
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bryophyte of which the sporophyte most closely resembles primitive

pteridophytes such as Rhynia; i.e. if we assume a common origin for

bryophytes and pteridophytes, Anthoceros may resemble the ancestral

type from which the pteridophytes have arisen.

When the spore germinates, a filament is formed. This divides by

transverse walls. An apical cell is estabhshed and a thallus is formed as

a result of its regular segmentation. Fig. 17l.

The archegonia in Anthoceros are formed behind the growing tip

of the thallus, Fig. 17a, and are completely embedded in it. In contrast

to other liverworts, the ovum is thus liable to be affected by biochemical

factors present in the surrounding tissue. At maturity the spherical,

or approximately spherical, ovum lies at the base of the venter, filling

only part of the space. On being fertilised, the ovum swells up; its

uniform, granular cytoplasm becomes highly vacuolated and fills the

cavity of the venter; and it secretes an outer wall. Fig. 17b. The nucleus

also increases in size. Thereafter, some interesting differences have

been observed in the development of different genera. In Anthoceros

fusiformis and A. pearsoni, Campbell shows the somewhat egg-shaped

zygote as dividing by a longitudinal wall into two equal parts, each of

these being divided transversely but unequally into a small basal cell

and a larger distal one. Fig. 17c, d. In each of the quadrant cells a

vertical wall is laid down and the octant stage is reached, the upper

cells being considerably larger than the lower ones. The upper cells

are next divided by transverse walls so that the embryo now consists of

three tiers each of four cells. On the further division and development

of the lower tier, which is considerably less regular, the characteristic

haustorial foot is formed, the constituent cells being typically enlarged

and parenchymatous, Fig. 17r. In these several developments in

Anthoceros it is evident that polarity is established from the outset

—

though the first partition wall is not at right-angles to the axis—and

that the embryonic development is marked by a differential distribution

Fig. 16. Reaction of gametophyte to embryonic development in

Marchantiales and Jungermanniales

A, B, Corsinia marchantioides. Longitudinal section of thallus. A, Shows out-

growth of thallus in midst of group of archegonia. B, Considerable development

of this outgrowth, associated with the development of the embryo (from Cavers,

after Leitgeb). C-E, Diagrammatic longitudinal sections of various Acrogynae,

showing the archegonial group and the sporogonium with the structures developed

round it. C, Perianth and involucre free, as in Lophocolea, Plagiochila, Frullaiiia.

D, Perianth and involucre fused; the formation of an incipient marsupium is indi-

cated by the bulbous swelling of the stem below the foot of the sporogonium, as in

NanJia geoscypha. E, Development of 'coelocauly,' i.e. the complete embedding of

the sporogonium in the stem tissue, as in Gottschea and Trichocolea. (C, D, after

Cavers; E, after Goebel). F, G, Kantia trichomaiiis. Stages in the development of

the hollow marsupium. (F, after Goebel; G, after Cavers); per perianth; inv,

involucre; c, capsule; i, seta; /, foot; gametophyte tissue stippled.





Fig. 17. Enibryogeny in the Anthocerotales

A-D, Anthoceros fusiformis. A, Development of sunken archegonlum behind the

apexofthethallus. B, The undivided zygote. C, The first, vertical wall. D, The first

transverse wall. E-K, Anthoceros pearsoni. E, Young embryo in l.s. F, Segmenta-

tion pattern as seen in cross-section. G, Older embryo in l.s., showing foot develop-

ment. H, J, Two stages in the development of the segmentation pattern, in cross-

section. K, Older embryo in l.s. showing diff'erentiation of archesporium and

development of haustorial foot. L, A. fusiformis. Germinating spore showing

growth of thallus by an apical cell and characteristic segmentation pattern. M,
Notothylas orbicularis. Four-celled embryo. N-Q, Notothylas breutelii. Stages in

the development of the sporophyte as seen in l.s. R, Notothylas orbicularis. L.s.

through base of sporophyte, showing the enlarged cells of the foot. (A-M, R, after

Campbell; N-Q, after Lang.) (A-D, x 400; E-K, x 200; L, x 170; M, x 300;

N-P, X 350; Q, x 250; R, x 200.)
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of growth along the axis. As is well known, a characteristic intercalary

meristem is established at a later stage. In Notothylas orbicularis, as

described by Campbell (1918), the first division of the zygote may be

at right-angles to the neck of the archegonium, Fig. 17m—the earliest

stage observed showed four quadrants of equal size ; but in a species

described by Lang (1907) the first wall is as in Anthoceros, Fig. 17h-q.

MUSCI

The Musci, comprising the Sphagnales, Andreaeales and Bryales,

yield points of interest in the development both of their gametophytes

and sporophytes.

The spore of Sphagnum on germination gives rise to a short filament

of three to four cells. Growth is most active in the distal cell. In fact,

according to Ruhland (1924), it functions briefly as an apical cell with

two cutting faces, a flat thalloid protenema, one cell thick, being formed.

On further growth, the apical cell becomes less active, and a protonema
of somewhat irregular contour arises by the division of the marginal

cells. New protonemal filaments may arise from these marginal

meristematic cells and in turn give rise to flat protonemata at their

extremity. Later, as a result of active growth and division of a marginal

cell, a bud with a three-sided apical cell is initiated and this gives rise

to the erect leafy stem.

The archegonia in Sphagnum are formed at the apex of short

branches at the summit of the plant; they are shortly stalked and
quite free like those observed in other mosses. The first division of the

elongated zygote is by a transverse wall : the polarity is thus determined

early, the upper cell becoming the apical cell of the embryo. On further

growth the embryo becomes a transversely divided filament, Fig. 18a.

The basal cell meanwhile divides by a somewhat oblique longitudinal

wall; this is followed by other divisions and a parenchymatous foot

with somewhat irregular cellular pattern results. In the epibasal region

the apical cell continues to divide by transverse walls and the subjacent

cells by longitudinal ones, the resulting cellular pattern affording an

almost classic example of Errera's law. Fig, 18b, c. When the embryo is

of a cylindrical-conical shape, periclinal divisions take place in the cells

of the epibasal region, the amphithecium and endothecium being thereby

defined, Fig. 18c, d, f. This may be taken as marking the transition

from the embryonic to the sporogenous phase, the further developments

consisting in the formation of the capsule and seta from the epibasal

segment and of the large distended foot from the hypobasal segment.

Fig. 18e. Sphagnum shows an interesting post-fertilisation development

in the gametophyte, the distal region enlarging into a stalk-like

pseudopodium {see p. 73).
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In Andreaea the spore contents divide in a regular and characteristic

manner and form a cellular tissue whilst still enclosed within the intact

outer wall. This wall is then ruptured and the young multicellular

gametophyte emerges. In the inception of the gametophyte we have

thus what is virtually an enclosed embryogeny. A filamentous develop-

ment ensues and in due course buds give rise to erect stems as in other

mosses.

As the zygote enlarges, the first division is by an approximately

median transverse wall. The developments of the two segments are

somewhat different from those in Sphagnum. The first division of the

epibasal cell is by a curved oblique wall, as shown in Fig. 18g, the

distal portion being considerably larger than the other. If the two cells

are in equilibrium, we must suppose that the distribution of metabolites

in the epibasal cell before division was far from homogeneous. With

the formation of a second curved oblique wall, an apical cell is con-

stituted. Similar divisions also take place in the hypobasal cell, with

the result that the embryo becomes an elongated spindle-like structure,

with an apical cell at either end. In the epibasal region, periclinal walls

are next laid down and define the amphithecium and endothecium. On
further growth and development, the capsule and seta are differen-

tiated, while the hypobasal region becomes specialised as a haustorial

foot, Fig. 18k.

Here we may note that whereas in Sphagnum the archesporium is

derived from the inner layer of the amphithecium, the endothecium

giving rise to the columella only, in Andreaea, as in the Bryales, the

archesporium is formed from the outer layer of the endothecium.

While this is not a matter which strictly pertains to the embryology, it

provides further evidence that in the precisely regulated development

of the bryophyte sporophyte, certain genetical factors apparently

become active at particular stages in the ontogeny.

In a moss such as Funaria, the spore germinates to form simple

filaments which emerge from opposite sides (see also p. 64). These

filaments divide by transverse walls and branch freely: those which

are exposed on the soil surface become photosynthetic and have

transverse septa, whereas those which penetrate the soil are colourless,

or have brown walls, and typically oblique septa.

The moss archegonium is typically a distal and free structure,

seated on a short or long pedicel through which the embryo is supplied

with nutrients from the gametophyte. Acropetal gradients are thus

involved in the embryonic development. In the Bryales, the mature

ovum is spherical or ovoid with a colourless region on the side towards

the neck of the archegonium. The zygote divides by a transverse wall

as in Sphagnum and Andreaea. The next developments are closely



Fig. 1 8. Embryogeny in the Musci

A-E, Sphagnum acutifolhim. A, The initial filamentous embryo in longitudinal

section. B, Longitudinal walls are being formed. C, D, The young embryo in

transverse section, showing the regular pattern of segmentation and the beginning

of differentiation. E, Older embryo in l.s. showing the beginning of differentiation

in the distal region and the marked enlargement of the foot cells. F, Archesporial

region in transverse section (A-D, x 240; E, x 100; after Waldner). G-K,
Andieaea. G, A. crassinervia. H, K, A. petrophila. Stages in the embryonic

development as seen in l.s. ; in K, the differentiation of tissues is taking place in the

distal region. J, Cross-section of a young embryo (G, x 220; H-K, x 165; after

Waldner). L-O, Pbascum cuspiilatum. L, M, Stages in the embryonic development

as seen in l.s. N, O, Segmentation pattern as seen in transverse section (after

Kienitz-Gerloff). P-R, Anhicliiim phascoides. P, R, Embryos in l.s. Q, Embryo in

t.s. (L-R after Leitgeb.) S, Tortula miiralis. Longitudinal section of archegonium

with young embryo (x 160). T, V, Mniiiin liornum. T, Elongated zygote (x 100).

V, Filamentous embryo with a two-sided apical cell (x 160). U, Catharinea undu-

lata. Two-celled embryo ( x 100); (S-V, after Bishop).
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comparable with those described for Andreaea. The formation of

obHque walls in both the epibasal and hypobasal cells results in the

establishment of two-sided apical cells, on the further growth and

division of which a spindle-like embryo is formed, Fig. 18l, m. In

some mosses, e.g. Tortula, Fig. IBs, the hypobasal region undergoes

little development. When periclinal walls are laid down in the epibasal

region, the amphithecium and endothecium are defined. Even in the

simpler Bryales, e.g. in cleistocarpic genera such as Archidium and

Ephemerum, Fig. 18p-r, the early stages in the embryogeny are as

described above.

Bishop (1929) has recorded the occurrence of well marked fila-

mentous embryos in various Bryales, Fig. 18s-v. Early workers, e.g.

Hofmeister (1851, 1862), had shown that in mosses such as Fissidens,

Phascum and Funaria, the sporophyte is derived almost entirely from

the epibasal segment of the two-celled embryo, the hypobasal cell

undergoing a few divisions of a somewhat irregular nature. Hofmeister,

however, noted that in some species, e.g. Bryum argenteum, the zygote

may elongate and the epibasal cell divide by several transverse walls,

before the apical cell is established, i.e. the young embryo is essentially

filamentous. Bishop has shown that a filament of at least three cells,

and usually more, is typically formed before the two-sided apical cell

becomes functional in Mnium honmm. Fig. 18t, v, M. punctatwn and

Bryum capillare. A filament of nine cells was observed in M. hormmu
this being the result of the formation of transverse walls acropetally in

the epibasal segment. A seven-celled filamentous embryo was found

to be typical of Catharuwa undidata. Fig. 18u, and it may well be that

filamentous stages will be found in many species. Bishop has also

illustrated a remarkable elongation of the fertihsed egg in these three

genera and calls attention to the long, narrow archegonial pedicel or

stalk in them. Figs. 18u, v. The occurrence of these elongated filamen-

tous embryos, and their characteristic mode of division, lend strong

support to the view that acropetal gradients are important factors in

the embryogenic development.

DISCUSSION

The bryophyte sporophyte is small and limited in its organographic

development, the sporogenous phase almost immediately supervening

upon the brief and simple embryogeny. Each species, however, is

characterised by the distinctive size, highly regular development and

organisation of its sporophyte.

If we regard the embryonic development as ending with the

periclinal divisions that lead to the initiation of archesporial tissue, then

the task of the embryologist is to attempt to explain such phenomena
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as the characteristic polarity, the different developments of the epibasal

and hypobasal regions, the development of a characteristic histological

pattern including the estabhshment of a growing apex, and the brevity

of the vegetative phase in the sporophytic development.

In the bryophytes the archegonium is typically a stalked organ,

otherwise free of tissue on all sides. The zygote typically divides by a

transverse wall, except in the Anthocerotae where it usually is a longi-

tudinal one, and the embryogeny is invariably exoscopic. In Anthoceros,

with its embedded archegonium, the constitution and metabolism of

the ovum and zygote are evidently considerably different from those of

other bryophytes. Also, contrary to Bower's generalisation, the first

partition wall is not at right-angles to the polar axis. In the absence of

experimental data, the polarity and exoscopic embryogeny of the

bryophytes (other than the Anthocerotae) may be provisionally

attributed to metabolic gradients, which have their source in the

gametophyte, acting on the ovum or zygote. Ifwe regard the unfertihsed

egg as an initially homogeneous reaction system (see Chapter III),

then the stimulus of fertilisation and the impact of acropetal gradients

might well explain the transition to a heterogeneous system, the meta-

bolic complex at the apex of the zygote being different from that at its

base. The hypobasal region of the embryo, which lies closest to the

source of nutrients, typically undergoes limited growth and a parenchy-

matous development, whereas the distal region remains embryonic and
capable of further growth and formative activity. In these organo-

graphic developments and relationships, the bryophytes resemble

pteridophytes such as Psilotum and Equisetum {see Chapter VI) and,

indeed, vascular plants in general.

The characteristic segmentation pattern in the several orders is the

result of a sequence of regular cell divisions. These take place in general

conformity with Errera's law. There are, of course, cell divisions which

do not appear to conform with this principle. But here the reader

should be reminded that, as the embryonic development proceeds, the

distribution of metabolites becomes progressively more heterogeneous,

new factors become incident and new forces come into play, and these

are all liable to have an effect on the nature of cell growth and division.

As each genus has a characteristic protoplasmic constitution and

metabohsm, differences in the cellular pattern are to be expected;

but, as we are concerned with a group of related organisms, these

differences will not be of a major kind. These views are in keeping with

those of the older anatomists who held that the mode of segmentation

in the embryogeny had taxonomic significance, but here the part

played by physical factors is given greater prominence.

Contemplation of the embryonic and sporogenous development of
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bryophytes suggests that the process can be envisaged as a sequence of

biochemical phases of increasing complexity, the later phases being

characterised either by a greater variety of metabolites, or more highly

elaborated ones, or both. The embryo is dependent on the parent

gametophyte for all the substances—minerals, carbohydrates, nitrogen-

containing and possibly growth-regulating substances—necessary for

its growth. The fertihsed ovum as an active centre of metabolism may
itself be a source of growth-regulating substances. These and other

substances may diffuse basipetally and induce effects in the gameto-

phyte. Now, if the substances supplied to the embryo from the gameto-

phyte remained unchanged both quantitatively and qualitatively, it

would be reasonable to expect that the embryo would continue its

vegetative growth indefinitely and give rise to an elongated cylinder, or

axial structure. If the substances increased in amount, an obconical

axis would result. But, in fact, after a brief embryonic or vegetative

phase, the growth and segmentation of the distal apex cease, and, by

a succession of what appear to be closely regulated developments, the

sporogenous capsule becomes differentiated. Accordingly, as a working

hypothesis, it is now suggested that the sequence of distinctive histolo-

gical developments is determined by a sequence of changes in the

underlying reaction system. For any bryophyte species, the fidelity with

which these developments take place is a very remarkable thing. On
the hypothesis proposed above, how, in fact, can we account for the

regulation of the underlying biochemical processes ?

In terms of contemporary genetical theory, the explanation might

take the form that different genes, or sets of genes, are successively

evoked during the ontogenetic development of the sporophyte. At any

particular stage, as a result of the biochemical action of particular

genes (or gene groups) on the cytoplasm of the embryonic cells,

characteristic growth and histological developments will ensue. In

relation to the new situation thus produced, the action of other genes

will be evoked; and so on, each phase preparing the way for the

succeeding one, the whole development being characterised by an

orderly and distinctive sequence of physiological events; or, in other

words, by the orderly sequence of metabolic activities in a gene-

determined reaction system. These become manifest in the successive

morphological and histological developments which characterise the

ontogeny of the species. While this kind of general statement may
approximate to the truth, it tells us little of the processes that are

involved; for our ultimate aim in the study of embryogenesis is to

explain, in physiological terms and in as much detail as possible, how
the orderly morphological and histological developments are brought

about. The basic assumption that is made here is that genes are the
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primary factors determining the inception and the specific character

of the biochemical phases that underhe the morphological development.

At any particular stage, the state of the organismal reaction system

regulates the entry of particular genes, or their products, into the system.

The state of the system at any moment is determined or regulated, by
its antecedent state, by the contemporary supply of reacting substances

to it, and by environmental conditions. The parent gametophyte, as

the sole source of nutrients for the young bryophyte embryo, is

evidently very important. (In this connection the experimental investi-

gation of gametophyte-sporophyte relationships, using modern surgical,

tissue culture and biochemical techniques, may be indicated as affording

real scope for advancing our knowledge of embryogenesis.) Important

as gametophytic and environmental factors may be, however, the

embryo, from a very early stage, is in many respects a self-determining

entity. The cumulative effect of the points indicated above is to show
that, for any species, the regularity and specific character of the

embryonic development are to be attributed to a whole nexus of

physical and biological factors and relationships, each of which requires

individual investigation.

The importance of genetical factors is also seen in the early transition

from the embryonic to the sporogenous phase and in the limited growth

and differentiation of the sporophyte as a whole.

Phylogeny. In considering the problems of phylogeny, the Ricci-

aceae are of special interest because their sporophytes are structurally

the simplest in all the bryophytes. A basic question is whether this

simplicity is of a primitive or derivative character. Bower (1908, 1935)

and Campbell (1940) favoured the former view, and saw in the small

and relatively undifferentiated sporogonium of Riccia, which is

apparently almost completely dependent on the gametophyte for its

nutrition during development, an early stage in the upgrade develop-

ment of an antithetic or intercalated sporophytic generation. Goebel

(1930), Evans (1939) and Bold (1948), on the other hand, see in the

Ricciaceae the culmination of a reduction series which can be traced

throughout the Marchantiales. Evans has pointed out that it is

erroneous to describe the simpler sporophytes in the Jungermanniales

and Marchantiales as being devoid of chlorophyll and therefore

entirely dependent on the gametophyte for organic nutrients, as well

as for inorganic salts and water. Bold (1938, 1948) has emphasised that

chloroplasts have long been known in the sporophytes of some genera

and he has shown that some chlorophyll is present even in the small

and feebly differentiated sporogonia of Riccia, Ricciocarpus and other

genera. As these sporophytes are not entirely dependent, or 'parasitic,'

on the gametophytes which bear them, he considers that the evidence
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lends support to the view that the Ricciaceae are derivatively simple

organisms, and that their feebly developed chlorophyll is a remnant of

that which is present in forms with more elaborate sporophytes.

Furthermore, he has argued that since self-nutrition by photosynthesis

'was apparently a primary attribute of all sporophytes both in the

algae and land plants,' his observations are in accord with a homologous

theory of alternation of generations as the basis for the evolution of

land plants, rather than with the antithetic theory as advocated by

Bower. Bold (1940) has also suggested that the scarcity and inactivity

of the chlorophyll in the sporophytes of bryophytes may be a result of

the retention of the sporophyte within the gametophyte : and, similarly

the intrasporic development of the gametophytes in many heterosporous

pteridophytes and seed plants may have been a factor in their loss of

chlorophyll. Support for his views may perhaps be seen in the experi-

mental investigations of Studhalter (1938) in which he showed that

young excised sporophytes of Sphaerocarpus and Riella, cultivated in

water, reached full maturity through their own photosynthetic activity.

However, it is evident that during the early embryogeny of all bryo-

phytes, the sporophyte is completely dependent on the gametophyte

for its nutrition.

Evans (1939) considers that the Anthocerotales also exemplify a

phylogenetically descending series, the relatively simple sporophyte of

Notothylas, as compared with the considerably more complex one of

Anthoceros, being due to reduction; i.e. Notothylas is the most

advanced genus in this group.



Chapter VI

EMBRYOGENESIS IN THE PSILOTALES AND EQUISETALES

PSILOTALES

T^siLOTUM and Tmesipteris, the only two genera in this pteridophyte

1 order, illustrate the embryonic development in the most primitive

of living vascular plants. Both genera are rootless and Psilotum is also

leafless. Their closest affinity is with the ancient Palaeozoic fossil

group, the Psilophytales, which includes such leafless and rootless

genera as PsiJophyton, Rhynia and Horneophyton. Nothing is known of

embryonic development in the fossil forms.

In both Psilotum and Tmesipteris, Figs. 19, 20, the prothalli are

branching, irregularly cylindrical, mycorrhizic bodies, devoid of

chlorophyll and completely saprophytic. The short-necked arche-

gonium is immersed in, and in cellular continuity with, the prothallial

tissue. The early embryogeny is similar in the tv/o genera. After

fertilisation, the ellipsoidal zygote enlarges, fills the venter and divides

by a transverse wall. The polarity of the embryo is now defined. The

embryogeny is exoscopic and in due course the epibasal segment gives

rise to the shoot apex and shoot, and the hypobasal segment to a

parenchymatous haustorial foot. The first divisions of both the

epibasal and hypobasal cells are by walls lying in the axis of the

archegonium. On further growth, transverse walls are laid down.

Thereafter the histological development of the foot is somewhat

irregular; it becomes roughly cylindrical in shape and grows down into

the gametophyte tissue from which it withdraws the nutrition required

by the embryo by means of short haustorial cells. In this connection,

comparisons with the haustorial foot in Anthoceros, Fig. 17, have been

made. After the quadrant stage the divisions in the epibasal segment

tend to be somewhat irregular, but soon a single initial or apical cell

can be distinguished, usually in an approximately median position.

The further growth of the shoot is due to the activity of this cell. In

some quite young embryos, two separate apical initials are established

on opposite sides of the rounded distal region, their further develop-

ment resulting in the formation of a vasculated, dichotomously

branched embryo, Fig. 19d, g. As these developments are accompanied

by growth of the adjacent gametophyte tissue, the embryo becomes

overarched by a calyptra-like structure. On emerging from the calyptra,

the embryo becomes infected by the mycorrhizic fungus and develops

85
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as a cylindrical and somewhat irregularly bifurcating rhizome. Sub-

sequently, on exposure to light, some of its branches become erect and

photosynthetic (Holloway, 1917, 1921, 1939; Lawson, 1917).

Fig. 19. Tmesipteris tannensis

A, Transverse section of prothallus, showing archegonium {a) and young embryo

in longitudinal section; the zygote has divided by a median wall; the epibasal seg-

ment will give rise to the shoot {s) and the hypobasal segment to the foot (/). B, An
undivided egg and a zygote showing somewhat irregular divisions. C, An older

embryo in l.s., showing the segmentation pattern in the shoot and foot segments.

D, An older, leafless, rootless embryo which is about to dichotomise; two apical

cells (ac) can be distinguished. E, A zygote unequally divided by the first wall. F,

A zygote showing anomalous segmentation. G, An embryo showing the character-

istic bifurcation. H, The foot region (/) of an older embryo; note the haustorial

outgrowths and the starch grains in the cells of the gemetophyte and foot. (A-E,

H, X 50; F, X 90; G, x 27; after Holloway).

In both Psilotum and Tmesipteris the young sporophyte is rootless

and leafless and Bower (1935) has pointed out that the whole character

of the early embryonic development 'suggests an imperfect differen-

tiation of parts, which in consideration of the adult structure may be

held to be a relatively primitive rather than a reduced state of organisa-

tion.' As we have seen, true leaves are never formed in Psilotum but

small scale-like emergences of the shoot may be observed. In Tmesipteris
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the young sporophyte is initially leafless, but as it enlarges small

scale-like leaves begin to appear and normal leaves are subsequently

formed. There is thus an ontogenetic delay in the formation of the

first leaves, this possibly affording an example of what Haldane (1932)

has described as neoteny or paedogenesis. Because of their similarity

Fig. 20. Psilotum triquetrum

A-D, Stages in the embryonic development as seen in longitudinal section; I-I,

first partition wall; a, neck of archegonium; s, shoot segment; /, foot segment;

aw, apical meristem. (A-C, x 137; D, x 50; after Holloway).

to the Psilophytales, e.g. the rootless, leafless fossils, Rhynia and

Psilophytoih it has been generally accepted that the living Psilotales, of

which no immediate or direct fossil ancestors are known, are simple

and primitive plant organisations which have remained relatively

unchanged over vast periods of time; i.e. Psilotum is rootless and

leafless because in its ancestors these organs never had been evolved.

As noted above, however, Psilotum does possess small scale leaves,
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sometimes with a vascular strand, while Tmesipteris has first of all

similar scale leaves and later normal vasculated photosynthetic ones.

The possibility that the ancestors of the Psilotales were root-bearing,

leafy plants cannot therefore be completely ruled out. Manton (1950)

has shown that both PsiJotum and Tmesipteris have high chromosome
numbers and considers that these genera may be 'the end-products of

very ancient polyploid series.'

Holloway has shown that considerable irregularities may be found

in the early segmentation pattern, Fig. 19b, f. These show considerable

departures from Errera's law. It may be that these embryos are

degenerating or abortive and have an abnormal distribution of meta-

bolites. Whether the anomalous histological condition is due to

environmental factors, to the simultaneous development of several

embryos on the same prothallus, to the nature of the nutrients supplied

by the prothallus, or to genetical factors, cannot be decided on the

evidence thus far available. Comparable irregularities are known in

other groups, e.g. the Equisetales.

The normal embryogeny of the Psilotales would appear to afford

a model of what the development of a simple vascular plant might be

expected to be like: i.e. exoscopic embryogeny, the foot region in

contact with the source of nutrition, the organisation of a distal

formative region, and the growth and differentiation of a leafless and

rootless vasculated axis. It may be that the embryogeny of Rhynia,

Psilophyton, etc., was not unlike that of Psilotum, but information is

lacking. According to general phylogenetic theory, all classes of

vascular plants may have sprung from plants of psilophytean affinity,

or have passed through a psilophytean stage. It will, therefore, be of

interest to see to what extent the embryonic developments in other

classes of pteridophytes and seed plants correspond to the Psilotum

type of embryogeny. As we have seen in Chapter V, the bryophytes

have points in common with the Psilotales in respect of their early

embryogeny.

In the Psilotales there is no suspensor—an organ found in the

embryogeny of some other pteridophytes considered to be primitive.

Lang (1915) pointed out that embryos without suspensors were prob-

ably derived from forms with suspensors. This raises the interesting

question as to whether the Psilotales have lost their suspensor in the

course of descent or whether that organ never was present in their

embryogeny.

EQUISETALES

In Equisetum the germinating spore divides by a curved wall into a

large and a small cell, the latter growing out as a rhizoid. Polarity is



Fig. 21. Embryogeny in Equisetiim

A, B, E. anense. Young and older embryo, in longitudinal section (after Sade-

beck) ; I-I, first wall of zygote, at right-angles to archegonial neck. C, E. maximum.

Germinating spores. D-J, E. debile. Development of embryo ; the first or basal

wall, b-b, may vary in position from horizontal to vertical and the embryo, which may

pass through an almost perfect octant stage, tends to become flattened; the shoot

apex, and perhaps the first root are of epibasal origin, the hypobasal cell giving rise

to the very large foot; s, shoot apex; r, root; Is, first whorl of leaves; /, foot; a,

archegonial neck. (D, x 240; E-J, x 270). (C-J, after Campbell).
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thus established during the initial development of the gametophyte.

The larger, distal cell, which contains most of the protoplasmic contents

of the spore, now divides either by a transverse or a longitudinal wall.

Fig. 21c; other divisions of a somewhat irregular character follow

and an apical cell is sometimes distinguishable. The mature gameto-

phyte is a lobed thalloid structure. The venter of the archegonium is

surrounded by gametophyte tissue.

Although a considerable amount of variation has been observed in

the position of the first dividing wall of the zygote in the same and in

different species, the embryo is invariably exoscopic. The first wall may
be typically transverse, as in E. arvense and other species, Fig. 21a;

but in E. debile it may in some instances be vertical, i.e. aligned in the

axis of the archegonium. Fig. 2 Id (Campbell, 1928). The next two
walls are at right-angles to each other and to the first or basal wall,

the embryo thus attaining to the octant stage. These octant cells are

not invariably of equal size. In E. maximum the largest quadrant of the

epibasal hemisphere at once becomes the apical cell of the shoot.

According to Sadebeck (1878, 1900), the epibasal cell in E. arvense and
E. maximum is so divided by three intersecting walls that a tetrahedral

apical cell is formed. Fig. 21a, together with three peripheral cells

which give rise to (or correspond to) the three fused leaves of the

primary leaf sheath. In the hypobasal segment, comparable divisions

give rise to the foot and the first root, the latter with a conspicuous

apical cell and an incipient root cap. In other words, Sadebeck relates

the primary organogenic developments to an exact system of cellular

segmentation. Bower (1935), however, has emphasised that the

hypothesis of an exact correspondence between segmentation pattern

and organogenesis should not be too closely pressed and suggests that

Sadebeck rather tended to interpret embryonic development 'in

accordance with the custom of his time,' i.e. his interpretation was
based on the assumption of a regular relation between organ formation

and the embryonic cleavages; and (to quote Bower) 'as a consequence

he drove a direct comparison between the results of his own observa-

tions on E. arvense and E.paJustre and the embryology of the leptospor-

angiate ferns which was already known.' In Bower's view it should

not be assumed, either in Equisetum or in other pteridophytes, that the

embryology 'will accord consistently with any set segmental scheme.'

This, indeed, emerges from Campbell's study of E. debile; for although

a highly regular octant stage has been observed in this species, Fig. 21e,

there is considerable variability in the position of the first wall. The
root, moreover, is formed from the epibasal segment, the whole of the

hypobasal region becoming an enlarged foot, Fig. 21f-j. At this stage

the embryo has a somewhat flattened form. In E. hiemale, also, the
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root arises from the epibasal segment (Jeffrey, 1899). In E. variegatum

Buchtien (1887) found a flattened embryo like that of E. debile. This

type of embryonic development is considered to be primitive.

Kasyap (1914) and Campbell (1928) have noted that a gametophyte

of E. debile may have a large number of developing embryos, some of

which become abortive. Now, in Equisetum, as in other archegoniate

plants, the gametophyte tissue is probably affected by growth substances

diffusing from the developing embryo. It may be that those embryos,

in which the first and subsequent walls are formed in what may be

regarded as anomalous positions, have been affected by secretions

from earlier-formed embryos; i.e. the anomalous developments are

indicative of changes induced in the zygotic reaction system. With new

and refined techniques, the experimental testing of this hypothesis need

not be regarded as impossible.

A well defined tetrahedral apical cell becomes functional at an

early stage in the embryogeny and, together with its segments, it

constitutes the highly regular, conical meristem characteristic of the

adult Equisetum shoot. At an early embryonic stage also, cells lateral

to the apical cell grow out and form the sheath of small scale-like

leaves. Usually there are three leaves in this first whorl, but there may

be two or four, affording evidence of the absence of an invariable and

exact correspondence between cellular segmentation and organ

inception. On the growth of the apex, other fused leaf-whorls arise at

regular intervals, and the articulate, or jointed, character of the

equisetoid stem begins to be apparent. The genetical and other factors

which determine the whorled phyllotaxis and the articulated stem

character in Equisetum are therefore active at an early stage in the

ontogenetic development.

The embryological data for Equisetum are of particular interest,

because not only is it the sole surviving genus of the Articulatae, i.e.

the Articulate Pteridophyta or Sphenopsida, but it can be traced back,

almost unchanged, to Palaeozoic times, through fossil forms known as

Equisetites (Hirmer, 1927). In fact, Equisetum may be regarded as the

living correlative of the smaller and simpler members of a great

Palaeozoic group, the Equisetales. That being so, it is worthy of note

that the supposedly primitive embryonic organ, the suspensor, is

completely absent from Equisetum, and that at an early stage in the

embryogeny all the characteristic features of land plants can be

observed, viz. an axis with leaves and a root.

The major features of the embryogeny in Equisetum occur with a

considerable degree of regularity and constancy, the differences being

of the kind that we might expect to find in related species. Thus, in

E. debile, the whole of the hypobasal region develops into an enlarged,
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parenchymatous foot, and the differentiation of the organs of the young

sporophyte takes place somewhat later than in E. arvense^ Such

chfferences may be referred to genetical factors. ComparaWe differences

have been found among the species of Lycopodium and SeJagineUa

(Chapter VII).



T

Chapter VII

EMBRYOGENESIS IN THE LYCOPODINEAE:
LYCOPODIUM AND PHYLLOGLOSSUM

GENERAL ACCOUNT

HE initial stages in the embryogeny of all species of Lycopodium and

_ of PhyllogJossum are closely comparable. The venter of the

archegonium is in cellular continuity with the prothaUial tissue. At

the first division of the zygote a transverse wall is formed and the

polarity of the embryo is determined. The cell next the archegonium

neck remains undivided, or divides only occasionally, and is known as

the suspeusor; the inner or embryonic cell gives rise to the embryo

proper. The embryogeny is thus typically endoscopic. The embryonic

cell then divides by transverse and longitudinal walls to form two

quadrants of cells. The hypobasal quadrant, contiguous with the sus-

pensor, gives rise to a parenchymatous foot; the epibasal quadrant

forms the distal meristem and first root. As the embryo grows it

becomes deeply embedded in the tissue of the prothallus. In different

species, as the embryogeny progresses, characteristic differences become

evident. This is largely due to the fact that different regions of the

embryo may undergo a considerable relative enlargement: in some,

a conspicuous foot is formed; in others, a modified tuberous shoot

known as a 'protocornV develops; while, in yet others, localised

swellings do not occur (Treub, 1884, 1886, 1890; Bruchmann, 1910).

LYCOPODIUM SELAGO AND L. PHLEGMARIA

The prothallus of L. selago may be subterranean or superficial and

varies from an elongated, cylindrical structure in firm soil to a more

compressed and flattened one at or near the soil surface. Its nutrition

is mainly mycorrhizic, though some green pigment develops in prothalli

exposed to the light. The prothallus of L. phlegman'a is an attenuated

and repeatedly branched structure and is entirely subterranean and

saprophytic.

In these, as in other species, the polarity of the embryo is apparently

determined by internal factors and not by gravity or factors in the

external environment. In Lycopodium selago, Fig. 22a-d, the embryonic

cell divides by two vertical walls at right-angles to each other, the

ensuing transverse division thus yielding an eight-celled embryo. The

further longitudinal, transverse and periclinal divisions take place with

93
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considerable regularity as the embryo enlarges, Fig. 22b. With these

developments the embryo becomes deeply immersed in the tissue of

the prothallus, Fig. 22c. On its further enlargement a gradient of cell

size from base to apex becomes apparent. The hypobasal tier forms

the parenchymatous foot, while the epibasal tier becomes organised as

a distal meristem. An older embryo is typically curved and elongated

and eventually bursts through the prothallus in an upward direction.

Fig. 22d, At its distal end there is an apical meristem where leaf

primordia are formed in a spiral sequence. The cells of the suspensor

and foot have now become conspicuously enlarged, presumably as a

result of the entry of osmotically active substances from the prothallus.

The first root becomes differentiated laterally above the foot, Fig. 22d.

An incipient vascular strand of elongated cells now traverses the tissue

between the shoot and root apices, but no strand is present in the large-

celled foot.

In L. phJegmaria, Fig. 22h, the embryonic cell is divided unequally

by a somewhat obliquely transverse wall. The larger distal, or epibasal,

cell now divides by a vertical wall, and, a little later, so also does the

hypobasal cell. The embryo now consists of four quadrants and an

octant stage almost certainly follows. The lower tier gives rise to the

foot, the upper to the first leaf and the apical meristem. Rather later,

the first root is formed at the base of the leaf quadrant.

LYCOPODIUM CLAVATUM AND L. ANNOTINUM

The prothalli are subterranean, saprophytic and massive, and
accumulate considerable quantities of storage materials. The initial

stages in the embryogeny are as in L. selago. Fig. 22e-g, but soon the

foot, which develops in close relation to the sources of nutrition in the

prothallus, becomes conspicuously enlarged—a result both of cell

division and cell distension. Fig. 27c. This development suggests that

the path of nutrients from the prothallus is by way of the suspensor and
foot to the apex of the embryo and that considerable quantities of

Fig. 22. Embryogeny in Lycopodium
A-D, L. selago. A, Young embryo in l.s. showing the first transverse wall, I-I,

which divides the zygote into the shoot segment, s, and the suspensor segment, su,

the embryo being endoscopic. B, An older embryo in l.s. showing the orderly

segmentation pattern, the position of the first, second and fourth walls, the con-
spicuous suspensor, and the adjacent foot region, f. C, An older embryo, with
the shoot apex directed inwards, lying within the tissue of the prothallus, p; the

embryo has elongated and the foot is now evident. D, Well-developed embryo,
with shoot apex, first leaf, incipient vascular strand and large foot. E-G, L. clava-

tiim. Stages in the embryonic development as seen in l.s. ; e, the embryonic or distal

cell, directed away from the neck of the archegonium (see also Fig. 27C). (A, B,

X 240; C, D, x 96; E-G, x 150; after Bruchmann). H, L. phlegmaria. Embryo
in l.s., showing segmentation pattern (x 310, after Treub).
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carbohydrate pass into the embryo from the prothallus. In these

species, it should also be noted (i) that the growth of the apical region is

very slow, (ii) that the first leaf primordia—two opposite leaves—are

formed late as compared with L. selago and are only of the status of

scale leaves, and (iii) that incipient vascular tissue, which is slow to

appear behind the apical meristem, is completely absent from the

parenchymatous foot. The relative inactivity of the shoot apex suggests

that there is a deficiency in some essential nutrient, that it is being

inhibited, or that environmental conditions are unfavourable.

LYCOPODIUM CERNUUM AND L. INUNDATUM

In these and related species the prothallus is a massive, cylindrical

structure, the lower, obconical, mycorrhizal portion being sunk in the

soil, while the upper exposed part bears numerous irregular, green,

leaf-like lobes. The initial stages in the embryogeny are as in other

lycopods. The cells of the lower or hypobasal tier become enlarged,

but a distended foot is not formed. The upper or epibasal tier soon

breaks through the prothallial tissue, emerges as a free-growing struc-

ture, and enlarges into an undifferentiated tuberous body, which

Treub described as the 'protocorm,'^ Figs. 23, 24. This organ is roughly

spherical in form, is composed entirely of parenchyma, and is attached

to the soil by rhizoidal hairs. A symbiotic fungus is present. On the

upper surface of the protocorm, a conical outgrowth develops into a

cylindrical green leaf, or protophyll; this may or may not have a

vascular strand. Subsequently, other leaves of similar type are formed;

these are described as being indefinite both in number and in position.

Figs. 23, 24. Only at a relatively late stage can a shoot apex be definitely

recognised: its position is close to the last-formed of the irregular

sequence of protophylls. Thereafter, leaves arise round the apex in

normal phyllotactic sequence, and a typical leafy shoot is formed.

If, now, we examine these data from the physiological point of view,

some interesting points emerge. Treub's illustrations show that carbo-

hydrates are abundantly present in the massive prothallus and he calls

attention to the presence of 'grains d'amidon ... en grande quantite'

(Fig. 23d; also Fig. 7d). Again, the histological details indicate that

metabolites from the prothallus reach the embryo apex by way of the

suspensor and foot. The foot does not show any great amount of cell

division but its cells enlarge considerably and starch is deposited in

them. It may accordingly be inferred that sugars are passing into the

embryo more rapidly than they can be used. When the embryo
emerges from the prothallus it forms green protophylls and has therefore

^ It has been suggested that the term should be discarded as being misleading: it is retained here

as a handy descriptive term.



Fig. 23. Lycopodium cermium and L. lateiale

A-E, L. ccrnimm. A, Young embryo emerging from the prolhallus, p; a, neck of

archegonium; ,s», suspensor; /, foot; I-I, position of first partition wall; /, position

of first leaf primordium; /, beginning of tuberous development. B, As before, the

tuber is now becoming conspicuously developed. C, An older embryo showing the

group of primary awl-shaped leaves, the tuber, with rhizoidal development, the

suspensor and foot. D, An embryo in l.s. showing the enlarged cells of the foot,

containing starch grains. E, An older embryo showing the remarkable tuberous

development and the somewhat irregular sequence of leaves. (A, x 200; B, x 140;

E, X 23; D, X 27; after Treub). F-H, L. laterale. Tuberous embryos, like those

of L. cernuum, showing linear sequence of leaves (/) along the upper surface. H, An
older embryo in which the normal leafy shoot has eventually been formed; /% first

root. (F, X 11; G, X 8; H, X 3; after Holloway).
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a second source of carbohydrates. From an early stage these will

be passing downwards into the embryonic shoot, which, as we have seen,

is also receiving carbohydrates from below. The constituent cells of the

shoot region divide, enlarge, and become the repositories of abundant

starch grains. In short, the swollen, tuberous structure, which we know
as the protocorm, is formed. These developments are attended by a

delay in the organisation of a recognisable and actively functioning

shoot apex; or it may be that a small apex is present but is masked by

the strong parenchymatous development in proximity. That a feeble

or attenuated apical meristem, readily escaping observation, is present

can scarcely be doubted. A further inference from these data is that,

during the early embryogeny of L. cenmum, either the supplies of

nitrogen-containing metabolites reaching the apex are limiting, or some

essential growth factor is lacking. Seasonal factors which restrict

apical growth but admit of the accumulation of carbohydrates may
also be involved. Some of these are known to be important in promoting

tuberous developments in lycopods and some other pteridophytes.

The development of storage parenchyma in close proximity to the

apical meristem may not only make the latter difficult to recognise:

it may also lead to displacements of the protophylls.

That a modified shoot meristem is present throughout the embryo-

geny, giving rise to leaf primorida (protophylls) on its flanks, is a

reasonable assumption. How, otherwise, are we to account for the incep-

tion of the protophylls, for the inception of the apex itself, and for the

fact that, when a shoot apex at length becomes recognisable, the proto-

phylls to which it gives rise are identical with those previously formed ?

As a fact, when the apex becomes readily visible, it is found to be in

close proximity to the last-formed protophyll. Fig. 24. Inconspicuous,

and seemingly inactive, apical meristems are also characteristic of the

embryogeny of ferns such as Augiopteris (Campbell, 1921); and

almost unrecognisable though still functional apical meristems, in

contiguity with swollen storage parenchyma, are known in the vascu-

lated prothalli o^ Psilotum (Holloway, 1939), and have been produced

experimentally in the rhizome of Onoclea (Wardlaw, 1945).

While the shoot apex remains in the inconspicuous and relatively

inactive phase, no vascular tissue is differentiated in the protocorm.

In the protophylls, each of which is formed from a foliar apex that soon

becomes attenuated and parenchymatous, a vascular strand may or

may not be diff'erentiated ; such strands as are formed end blindly in

the upper region of the protocorm. But later, when an actively growing

shoot apex is established, an axial or cauline vascular system is differen-

tiated, with which the vascular strands of the new leaves become

conjoined peripherally. This close relationship between the activity of



Fig. 24. Lycopodhim cemuum

A-D, Tuberous embryos at different stages of development; B, is a

longitudinal median section of A; s, shoot apex; r, root; /, leaf;

vs, vascular strand, (x 23, after Treub).
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the apex and the inception of vascular tissue is general in pteridophytes

(Wardlaw, 1944).

The conclusion of early investigators that the protocorm of L.

cernuum is a shoot that has been considerably modified during its

embryonic phase is thus confirmed. Since the formation of a protocorm

is a regular and characteristic feature of L. cernuum and other species,

and since this development cannot be attributed solely to seasonal

conditions, genetical factors must be involved. As to the precise

nature of this genie action we have no information, but from other

sources we know that protein synthesis is gene-controlled and that it

may be delayed, impeded, or 'blocked' under environmental conditions

that impede or delay the action of particular genes. If we apply these

conceptions to what we know of the embryogeny of L. cernuum, it

could be inferred that the genes which determine protein synthesis at

the shoot apex are initially ineffective. But after the embryo has been

growing for some time, and possibly in relation to the photosynthetic

activity of its several protophylls, certain metabolites essential for

apical growth, but hitherto limiting, become available and normal

shoot growth ensues. In this interpretation, the protocorm is a

morphological expression of factors in the hereditary constitution, but

whether or not it should be regarded as a phyletically 'primitive' organ

is debatable. It could, in fact, be argued that the protocorm is a

'derivative,' though a retrograde (but non-lethal), result of genie

mutation or chromosome change. Whether or not the tuberous

development is biologically advantageous, as in the older view, might

well be the subject of further investigation. The view that these

parenchymatous swellings in lycopod embryos are biological adapta-

tions should, in the writer's view, be received with caution, though it

may well be that further investigation will show that it is not without

justification. In this connection, mention should be made of the fact

that Wetmore and Morel (1951) have successfully grown the prothalli

and young sporophytes of L. cernuum aseptically by the methods of

tissue culture. This discovery should make possible a whole series of

new and interesting experimental investigations.

Lycopodium laterale. The prothallus and embryogeny of L. laterale

are of the L. cernuum type with the protocormous development greatly

increased. Fig. 23. In the early stages, a starchy tuberous protocorm,

surmounted by one or two protophylls, is formed, a conspicuous foot

being also present (Holloway, 1909). According to Holloway (1915),

the protocorm and protophylls (in which stomata occur) are of a vivid

green colour. The third protophyll arises in a lateral position and,

when fully grown, has a swollen base which is distinct from the original

protocorm though it is conjoined with it. The fourth protophyll, which
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arises alongside the third and forms a pair with it, also develops a
swollen base. Holloway noted that in no case 'was the prothallus

found attached to a young plant which has more than two original

protophylls.' From this observation it can be inferred (i) that the

enlargement of the protocorm is the result of photosynthetic activity in

the protophylls, and (ii) that, from an early stage, the sporophyte must
depend for mineral and nitrogenous nutrients on its basal rhizoids.

The 'protocormous rhizome' continues to elongate laterally in relation

to the further development of protophylls which may be 8-12 in number.
Fig. 23. The protophylls arise in pairs along the dorsal side of the

rhizome, i.e. there is a certain regularity in the positions in which they

are formed. This suggests that an apical meristem is present, even

though it may be feeble and inconspicuous. Each protophyll has a

vascular strand which ends blindly in the dorsal parenchyma of the

protocorm. This organ, in fact, consists of parenchyma throughout.

Eventually the shoot apex becomes an actively growing and readily

distinguishable region. Its position and activity are indicated by (i)

the aggregation of several protophylls, (ii) the differentiation of a

cauline vascular strand immediately below it, (iii) the development of

the first root on the distal (or growing) end of the protocorm, i.e. the

side remote from the foot, and (iv) by the differentiation of vascular

tissue between shoot and root. Soon after this stage has been reached,

the embryo grows into a recognisable plantling of L. laterale, the

elongating shoot axis bearing leaves which are 'in no wise different

from the protophylls.' This statement gives further support to the

view that the protophylls of the protocorm are formed in relation to a

shoot apex.

The comparative inactivity of the shoot apex in the early embryo-

geny of L. laterale, as in L. cernuum, is associated with a phase of

metabolism in which carbohydrate synthesis is predominant. The
protophylls, however, yield evidence of some apical growth; they

elongate into needle-like structures and each has a vascular strand.

Why the apex of a leaf primordium should show active growth while

the shoot apex remains relatively inactive is a phenomenon for which

no adequate explanation has so far been advanced.

A comparison of L. cernuum with L. laterale shows that although

the former typically develops a small group of protophylls on the top

of the protocorm, some lateral development may also be observed.

L. ramulosum resembles L. laterale, but, in addition, may develop

swollen bulbils on the protocorm (Holloway, 1915).

In some other species of Lycopodium the foot may be partly pene-

trated by vascular tissue. L. complanatum (Wigglesworth, 1907) and
L. volubile (Holloway, 1915) may show such developments. This may
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be due to a greater diffusion from the apical meristem of the substance

(or substances) which determines the inception of vascular tissue.

Holloway examined plantlings of different species in some detail and

noted that the development of vascular tissue in the foot of the young

plant varies in extent in different individuals of the same species. He

thought that this is possibly related to the size of the parent prothallus.

PHYLLOGLOSSUM DRUMMONDII

The embryonic development in this species has been briefly

described by Thomas (1901) and Sampson (1916). The prothallus and

embryo are generally like those in Lycopodium cemuum. The embryo

is attached laterally, the first organ to emerge being the first leaf which

is green and photosynthetic, A tuberous swelhng is soon formed below

this leaf. The first root may or may not have developed at this stage.

Bower (1935) has shown how, in its annual growth, the tuberous adult

plant closely follows the embryonic development.

DISCUSSION

The Suspensor. Much importance has been attached to the presence

of a suspensor in pteridophytes. It has been regarded as a primitive

feature that has been 'retained' in some modern survivors. Jeffrey

suggested that it is useful in pushing the developing embryo deeper

down into the prothallial tissue (Campbell, 1911). Here we may note

that the suspensor enlarges like the adjacent parenchymatous cells of

the foot. The formation of a suspensor shows that the physiological

conditions at the outer or neck end of the zygote are very different

from those at its inner end. Whether the distinctive developments of

the suspensor and the embryonic cell are due to a gene-controlled

differentiation in the zygote, to metabolic gradients in the prothallus,

to gradients of gaseous concentration, or to some residual effect of

fertilisation, is not known. Certainly there would appear to be some

quite fundamental difference between those pteridophytes with the

embryonic cell adjacent to the neck of the archegonium, as in Psilotiim,

and those in which it is directed inwards, as in Lycopodium. But, as

already mentioned (p. 25), it may be that a relatively small difference in

the reaction system may determine whether the embryogeny is exoscopic

or endoscopic {see also p. 328). (An endoscopic embryogeny is not always

associated with the presence of a suspensor. In the Marattiaceae,

where the archegonium points downwards, the embryogeny is endo-

scopic whether a suspensor is present or not : see Chapter IX.)

The Foot and the Protocorm. Treub regarded the protocorm as a

primitive organ—an ancestral feature which has been retained in some

contemporary species. He even held that it might have been of general
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occurrence in the ancestry of vascular plants. This view did not receive

the general approval of Treub's contemporaries and is now little more

than an interesting idea. To Bower (1907, 1935), the protocorm was

not so much a primitive organ as an 'opportunist growth' ; and even

though it may be of ecological importance in establishing the young

sporophyte of certain species, it should not be regarded as a phylo-

genetic feature in the Lycopodiaceae, still less in vascular plants as a

whole. Browne (1913), impressed by the great stem development in

Palaeozoic lycopods, suggested that the protocorm might be a modified

and reduced stem. The adaptive value of the embryonic swellings in

lycopods has been freely invoked.

Bower (1922, 1935) has pointed out that several species of Lycopo-

dium, in different ways and in different degrees, tend to a 'parenchy-

matisation' during their embryonic development. L. selago has a

comparatively small foot and an embryonic growth that might be

described as exemplifying a 'normal' axial development; in L.

phlegmaria, the parenchymatous foot is more conspicuous; in L.

clavatum and L. annotiuum there is a considerably enlarged parenchy-

matous foot; while in L. cernuum and L. laterale a parenchymatous

foot and a greatly enlarged tuberous shoot or protocorm are formed.

Bower (1935) has related the differences between the selago and

clavatum types of embryo to the prothalli which bear them. The

prothallus of L. selago may develop at or near the surface, it may be

partially green and autotrophic and partially mycorrhizic, and the

nursing period of the embryo may be relatively brief. In L. clavatum,

on the other hand, the prothallus is a large, cakelike, underground

structure, depending entirely on mycorrhizal nutrition. The formation

of a large swollen foot has been described by Bower as an 'intra-

prothallial haustorium,' and as 'an opportunist growth.' These details

are considered by him to accord with the view that 'the embryo is long

dependent for nourishment entirely upon the large prothallus; hence

its swollen haustorial foot, which is developed most strongly in the

direction of the largest nutritive supply.'

Position and Nutrition of the Embryo. All lycopod embryos are

initially nourished by the prothallus. In some species the embryo may

be completely immersed in the prothallial tissue for a considerable

time. Bower (1908, 1922, 1935) has given some attention to relevant

nutritional aspects. In his view the endoscopic embryogeny of Lycopo-

diunu with its consequential deep immersion of the embryo in the

prothallial tissue, has 'doubtless an immediate advantage in point of

nutrition of the embryo in its earliest stage. But the ultimate end is the

establishment of a young plant with an upward-growing shoot suitable

for self-nutrition. The orientation of the archegonium will then be a
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factor affecting the further behaviour of the embryo.'' (1935, p. 528).

He further suggests that the suspensor, a primitive organ which has

been 'retained' in this genus, as also in Selaginella, is a highly in-

convenient feature except where the archegonium points downwards,

and that its presence has necessitated marked curvatures in the embryo
before an upright shoot can be estabhshed. 'It can hardly be assumed
that such shifts as these should have been attained in the course of

opportunist evolution, unless there be some initial disability. . .
.'

... 'In more than one evolutionary line the simplified form of the

embryo may be explained by its having broken loose from the tie of

the suspensor.' As against these views, advanced chiefly in relation to

the embryos of Lycopodium and Selaginella, it may be noted that in

different Marattiaceae, all with endoscopic embryos, the suspensor,

which may or may not be present, would appear to have very little

effect on the embryogeny {see Chapter IX).

The quotations given above reflect a typical approach from the

standpoint of the comparative morphologist. Here our chief interest is

in the processes that may be involved in the nutrition of the young
embryo. Where, as in Psilotum, Tmesipteris and Equisetum, the embryo-

geny is exoscopic, we appear to be on familiar ground—though it is,

as a fact, practically unexplored. The hypobasal cell, which remains in

contact with the prothallial tissue, behaves as perhaps might be ex-

pected : it becomes the absorbing region of the embryo, the nutrients

taken up by it being passed on to the epibasal region which becomes

the actively meristematic shoot apex, i.e. as in a fully organised shoot,

the distal region of the embryo depends on nutrients passing up from

below. We should not, indeed, expect the epibasal cell, which lies in

contiguity with the archegonial neck and may soon emerge from the

prothallus, to be the absorptive region of the young embryo. All this

seems to be in conformity with our general knowledge of axial growth.

Nevertheless, it is doubtful if such reasoning, based on a consideration

of the anatomical data, goes to the root of the matter; for in endo-

scopic species, such as Lycopodium, the suspensor and the nutrient-

absorbing foot are in contiguity with the archegonium neck and the

growing embryo becomes deeply embedded in the fleshy tissue of the

prothallus. In short, the uptake of nutrients by the embryo is not so

simple and direct as it at first appears. Thus we may ask: Do these

embedded endoscopic embryos absorb nutrients over their entire

surface, or is the uptake confined to the foot? While the embryo is

still very small, it may well be that nutrients are absorbed over the whole

of the embryonic surface; but, as it enlarges, the indications are that

the foot is the main absorptive region. Certainly, from an early stage,

there is a marked difference in the development of the basal cells as
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compared with those at the apical or distal end. Thus the cells of the

foot soon become considerably distended; they may extend what
appear to be suctorial processes into the tissue of the prothallus ; they

may contain deposits of starch grains; and they show a gradient of

size from the proximal to the distal region. Collectively, these observa-

tions suggest that, from a very early stage in the embryogeny, the

relation of the distal to the basal region of the embryonic axis is

essentially the same as that between the distal and proximal regions

in a normal adult shoot, i.e. the former remains meristematic and
draws upon the latter for its nutrients. A growing body of experimental

evidence supports the view that the apex of a normal shoot is a self-

determining, morphogenetic region ; the data given above indicate that

this relationship is probably established at a very early stage in the

embryogeny.

On further growth the apex of the endoscopic embryo bursts out of

the prothallus, but the embryo may continue for some considerable

time to draw upon the prothallus for its nutrition. At this stage there

is no longer any question of the nutrients being absorbed over the whole
embryonic surface : they must be taken up by way of the foot region

;

and in this we probably see what is no more than the continuation of a

system established at a much earlier stage.

In considering the growth of embryos in species of Lycopodium two
conditions may be envisaged: (i) the embryo, under favourable

environmental conditions, receives a normal, balanced nutrition; i.e.

the supply of nutrients, including growth-regulating substances, and the

C— ratio, are such as to permit of continuous meristematic activity at the

shoot apex, and the further growth and differentiation of tissues and
organis below the apex, so that an elongating leafy shoot is produced;

(ii) the embryo does not receive a balanced nutrition and/or environ-

mental conditions may be unfavourable. In the second case it is

C
conceivable that a high — ratio, an inadequate supply of some essential

growth-regulating substance, or some unfavourable environmental

condition, might modify the character of the growth in different regions

of the embryo. The early distension of meristematic tissue in the foot

and shoot regions of L. clavatum and L. cermmm respectively is

indicative of abundant supplies of carbohydrate to the young embryo

;

and this, as we have seen, goes hand-in-hand with a delay in the

organisation of a 'normal' apical meristem and the formation of an
elongating leafy shoot.

These characteristic parenchymatous developments are exemplified

by such subterranean species as L. clavatum, L. volubile, L. scariosum.
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L. demum and L. billardieri, in which the foot is greatly distended, and

by the protocormous species L. cennium, L. laterale, and L. ramulosum,

which develop at the soil surface, and which, as well as being supplied

with carbohydrate from substantial prothalli, are themselves green and

photosynthetically active from an early stage. That the carbohydrate

supply in the latter three species far exceeds growth requirements is

shown by the development of a conspicuous, starch-filled, tuberous

protocorm. With this development goes a suppression or delay in the

activity of the shoot apex. The relation of these developments to light

and other factors would be an investigation of considerable interest

and importance. These observations on carbohydrate metabolism in

the embryogeny can be extended to characters seen in the adult plant.

Thus, some species of Lycopodium have a large sappy cortex with

abundant starch, whereas others have little starch but a conspicuous

development of fibrous tissue. Both environmental and genetical factors

are involved. On the evidence thus far available, those species with a

protocorm are also conspicuous for starch deposition in the adult

state.

Evolutionary Relationships. In the fight of the data now presented,

can it be said with any assurance that one type of embryogeny, e.g. that

of L. selago, is more primitive than another, e.g. that of L. clavatum or

L. cernuiiml As we have seen, there are distmct differences and these

can be ascribed to factors in the genetic constitution and in the environ-

ment. But as to the relative evolutionary status of one type as compared

with another, it seems almost impossible to arrive at a definite conclu-

sion. If, for the sake of argument, we assume that L. selago is a central,

primitive type, then the condition which we see in L. clavatum or L.

cernuum could be due to mutation or chromosomal change, possibly

affecting protein metabolism. In this case, these species would be

'derivative' but not necessarily upgrade forms. In a cytological investi-

gation of the five British species of Lycopodium, Manton (1950) has

reached the conclusion that these are so very unlike cytologically that

they have probably been taxonomically widely divergent for a very long

period of time ; and L. selago, so often considered to be a central and

primitive type, is found, on the cytological evidence, to be a hybrid of

very high chromosome number.



Chapter VIII

EMBRYOGENESIS IN THE LYCOPODINEAE

:

SELAGINELLA AND ISOETES

SELAGINELLA

Q1ELAGINELLA is a large, coherent and widely distributed genus of

O ancient origin, having evident affinity with the fossil Selaginellites.

The species, which number upwards of 600, show a considerable range

in size, symmetry and morphology, e.g. from the small, radially sym-
metrical, temperate S. spimdosa, to the large, climbing, dorsiventral,

tropical S. Willdenovii. Thus far there is little information on the inter-

relationships of the species as revealed by genetical or cytological

studies. Manton (1950) has shown that the three European species,

S. spinulosa, S. helvetica and S. denticidata, have low chromosome
numbers, with /7=9. In Isoetes hystrix, /7=10. According to Manton:
The pteridophytes seem almost certainly to have possessed in the past,

and to have retained in these two genera, the simple nuclear state that

the modern Flowering Plants still for the most part display.' These low
numbers in plants of ancient stock are perhaps surprising, the more so

in that these genera show what is generally accepted as the considerable

advance to the heterosporous condition.

THE EMBRYONIC ENVIRONMENT

In Selaginella the embryo is nourished by the prothallus or gameto-

phyte formed within the large megaspore while the latter is still inside

the sporangium. In this respect, Selaginella resembles some of the

primitive seed plants. There are indications that carbohydrates

accumulate considerably more rapidly than proteins in the megaspore,

and this may affect the subsequent embryonic development. In the

young megaspore of S. helvetica, according to Fitting (1900), the

megaspore walls outgrow the cytoplasm and the cytoplasmic film

becomes rounded off" as a spherical vesicle attached to the endospore

wall. On further development this vesicle begins to increase in size,

many free nuclear divisions take place, and the cytoplasm again makes
contact with the endospore membrane. Many of the nuclei now move
towards the apical end of the megaspore and active growth of the

cytoplasmic layer ensues. Thereafter the synthesis of protoplasm takes

place rapidly and the central vacuole of the spore disappears. Cell

formation, i.e. the formation of gametophyte tissue, begins at the

107
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apical end and progresses towards the basal end. There is differential

development as between the cells at the apex and base of the megaspore,

the former being small and dense, whereas the latter are large and

irregular. These large cells, which are described as being filled with oil

and albuminous granules, provide the nutrients on which the young

embryo will depend until it emerges from the prothallus and becomes

a rooted, green, autotrophic plant.

The first archegonium, as in S. kraussiaua, is formed from one of

the small distal cells about the time the megaspore is shed ; and others

are formed later. The archegonial neck, of four cells in cross section, is

characteristically short, with but two cell tiers and a single neck-canal

cell. Numerous rhizoids, which develop at the apical region, may have

a nutritive function (Campbell, 1940). The retention of the megaspore

within the sporangium, the full development of the gametophyte

therein, and even the fertilisation of the ovum prior to shedding, have

been indicated by Lyon (1904) for S. apus and S. rupesths. These

developments are of interest because of their analogy with seed plants.

THE OVUM AND YOUNG EMBRYO

The available illustrations do not disclose any asymmetry or

protoplasmic differentiation in the ovum or zygote. Nevertheless, the

embryogeny is invariably endoscopic and polarity is determined from

the outset. As in Lycopodium, a suspensor is typically present. The

very considerable differences in the size and protoplasmic contents of

the embryonic cell and the suspensor indicate that the metabolism at

the two poles is very different indeed. Figs. 25, 26, 28. The outermost

segment of the two-celled embryo, i.e. the suspensor, may enlarge but

usually undergoes little further development; the innermost or

embryonic cell gives rise to the body of the embryo. The growing

embryo becomes more or less deeply embedded in the prothallial

tissue, but eventually it curves upwards and emerges as a leaf-bearing

shoot. As the megaspore lies on its side, the young embryo actually

grows in a horizontal position until it begins to respond to the stimulus

of gravity. In some species it will be convenient to refer to the two-celled

embryo as consisting of the embryonic cell and the basal cell.

SELAGINELLA SPINULOSA

In this temperate species, which is characterised by radial symmetry,

a simple stele, and a 'Selago-condliion' in the distribution of its

sporangia, botanists have recognised a phylogenetically primitive

member of the genus. The suspensor and embryonic cell are determined

by the first transverse division of the zygote which soon elongates in
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the axis of the archegonium, Fig. 25a-c. The suspensor undergoes
vacuolation and further elongation, with only an occasional transverse

<, g,.. '>

Fig. 25. Embryogeny in Selaginella

A-G, Selaginella spimdosa. A, Longitudinal section of archegonium, a, showing
newly divided zygote. B, The same, slightly older: the embryo has lengthened; the

outermost cell, su, will become the suspensor, the innermost or embryonic cell, e,

will give rise to the rest of the embryo. C-F, Stages in the development of the

embryo, showing the very considerable enlargement of the suspensor, the division

of the embryonic cell into quadrants and octants, the positions of the successive

walls being shown, I-I, II-H, etc. G, A well-developed embryo showing the shoot

apex, s, the first leaf, /j, and its ligule, %, the second leaf, A, the first root or rhizo-

phore, r, the incipient vascular strand, the foot, /, and the suspensor, su. H-L,
Selaginella denticiilata. The embryo undergoes considerable elongation and
repeated divisions by transverse walls before the distal embryonic cell divides

longitudinally. A shoot apical cell, s, results from an oblique cleavage of a distal

cell. (All X 350; after Bruchmann.)

division, whereas the distal cell grows and divides to form the main
body of the embryo (Bruchmann, 1897). The embryonic cell first

divides by two vertical walls at right-angles to each other, and then by
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a transverse wall. A two-tiered quadrant stage is thus constituted,

Fig. 25c, D. The more distal or epibasal tier on further development

gives rise to the shoot apex and first leaves, and the lower or hypobasal

tier to the hypocotyl and first root. Meanwhile, the suspensor may
have divided by a second transverse wall and by an obliquely transverse

wall. On further growth, the epibasal region is divided by periclinal

walls, except for the most centrally placed, distal cells. It can already

be seen that these are the nacent apical cells of the developing axis.

Fig. 25f. Further cell divisions take place in all three planes in both

the epibasal and hypobasal regions and the short embryo begins to

curve upwards and to form its organs and differentiate its tissues. A
distal group of superficial prism-shaped, embryonic cells constitutes an

apical meristem, on the flank of which the first leaf, with its ligule, is

formed. A second leaf is later formed approximately opposite to the

first. Fig. 25g. Meanwhile the active growth in the hypobasal region

has resulted in the elongation and curvature of the embryo which is

now deeply embedded in the prothallial tissue. The central cells of the

hypocotyl, from below the apical meristem down to a lateral and basal

outgrowth which can be recognised as the first root (rhizophore), have

become elongated and narrow and constitute the primary vascular

strand or stele. Thus, from the outset, the stele is of axial and not of

foliar origin.

According to Bruchmann, the first leaf may not be formed for some

time: it may still be absent even when a considerable axis, curved

relative to the suspensor, has already been formed. The formation of

the second leaf may be still further delayed ; in some specimens it only

appears after the embryo has emerged from the prothallus. However,

tv/o nearly opposite but unequal leaves can eventually be seen at the

shoot apex; these leaves which become green and of approximately

equal size are sometimes described as cotyledons. The apical meristem

of the young shoot consists of a number of equal cells, i.e. there is no

single conspicuous apical initial. Bruchmann states that no large foot

is formed in S. spimdosa, nor in S. apus, as in the well-known 5. martensii.

In those species in which a foot is present it usually occupies a position

basal to the hypocotyl and in continuity with the narrow suspensor.

SELAGINELLA DENTICULATA; S. MARTENSII; AND OTHER SPECIES

In these species the zygote also elongates in the axis of the arche-

gonium and divides by a transverse wall. The next conspicuous

development consists in the considerable elongation of the suspensor

which, in species such as S. deuticidata, is divided by many transverse

walls. Fig. 25h-l. Meanwhile the hemispherical embryonic cell has

enlarged and undergone divisions, leading to the inception of the shoot



EMBRYOGENESIS IN THE LYCOPODINEAE 111

apical cell and that of the first leaf. At this stage the young embryo is a

filamentous structure which is being thrust into the nutritive prothallial

tissue by the suspensor. In the ensuing development, the embryo

Fig 26. Embryogeny in Selaginella poulteri

A Archegonium, a, with ovum. B, Englarged venter with young embryo showing

fir'srtransverse wal C. D, The segmentation of the enlargmg embryo. E, The

elongrd embryo .. becomes deeply embedded in the gametophyte but begins to

curve round f! An early stage m the organisation of the ^n^^ryo proper; .the

apLal cell of the shoot; /, the greatly enlarged foot: su, suspensor, (all x 225,

after Bruchmann).

becomes a short, massive, axial body, and begins to grow nriore rapidly

on tlie lower side and therefore to curve withm the pro hallus. In due

course this process results in the emergence of the embryo as an up-

wardly directed shoot. Meanwhile, the morphologically basal region

of the convex side has enlarged into a large suctorial foot, the extent ot

this developmem varying from species to species (see below).
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In S. denticulata (Bruchmann, 1912) the embryonic cell divides first

by a vertical wall into two approximately equal cells. One of these cells

now divides by an oblique wall, the single and persistent apical cell of

the embryonic shoot being thus formed, Fig. 25h-l. This apical cell,

in shape an inverted tetrahedron, undergoes segmentations which may
be somewhat less regular than those observed in similar apical cells.

The other segment of the embryonic cell gives rise to the first leaf;

the second leaf is formed from the first segment of the shoot apical

cell. Meanwhile, the suspensor shows some irregularity in its develop-

ment. On the side opposite to the shoot apex it divides into several

actively enlarging cells, with the result that the embryonic axis is tilted

at right-angles to the suspensor. Fig. 25. Although the young plantling

of Selaginella is sometimes described as being 'dicotyledonous', it will

be realised that this is not quite exact, i.e. in the sense that the term is

applied to flowering plants. These first leaves do not enlarge as a result

of apical growth but rather from the activity of marginal initial cells.

In S. denticulata, the large foot region is formed from the cells of the

suspensor adjacent to the hypocotyl. In contiguity with the latter, and
from the upper part of the foot, an outgrowth develops: this is the

primary rhizophore from which the first roots are later formed. While
these several organogenic activities are taking place, a central strand

of elongated cells, having its inception below the shoot apex and
traversing the hypocotyl to the primary rhizophore, is differentiated;

this is the incipient vascular system, or stele, of the developing axis.

In each of the leaves a small vascular strand is also diff'erentiated and
becomes conjoined with the axial stele. The embryonic development

in S. rubricauUs is essentially similar.

The formation and differentiation of the embryonic parts in any
particular species apparently takes place with a considerable degree of

regularity. In S. denticulata, for example, the suspensor, foot and
rhizophore originate from the basal segment of the two-celled embryo.

But, in other species, there may be different relationships between the

initial segmentation and the subsequent formation of organs. These

diff'erences between species are of the kind that might be expected if there

is a specific genie control of the distribution of growth. They aff'ord

parallelisms with the precise embryonic segmentation patterns found
in many flowering plants. Thus, in S. martensii, the basal cell of the

two-celled embryo gives rise to the suspensor only, the large foot and
all the other organs being formed from the distal embryonic cell.

Fig. 27a; but in S. galeottei (see below), the shoot apex and first two
leaves can be referred to the embryonic cell, while the hypocotyl, foot,

rhizophore and suspensor all originate from the basal cell, Fig. 28e-k

(^^^ Bruchmann, 1909, 1912, 1913; Goebel, 1918; Campbefl, 1940).



Fig. 27. Embryos of A, Selaginella

martensii and B, S. poulteri

Note the ditferent relative positions and

developments of the several organs; s,

shoot apex; /, leaf ; r, root; /, foot; su,

suspensor. (A x 150; B x 130; after

Bruchmann). C, Lycopodiiun clavatitm.

L.s. showing the shoot apex (s), the first

and second leaves (/), and the very large

foot (/). (X 67, after Bruchmann.)
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SELAGINELLA KRAUSSIANA, S. POULTERI, S. GALEOTTEI

AND S. RUBRICAULIS

In these species, (Bruchmann, 1912, 1913) the embryogeny shows

some curious and interesting developments which are rather different

from those described above.

In S. kraussiana. Fig. 28a-d, the protoplast of the zygote contracts

and a new wall is formed round it. It then divides by a transverse wall.

Meanwhile the archegonial cavity grows rapidly and penetrates deeply

into the prothallus as an elongated tube-like structure (Embryoschlauch),

at the inner extremity of which lies the two-celled embryo, Fig. 28a, b.

No evident suspensor is formed, its function, as it were, being taken

over by the tubular development. In S. galeottei. Fig. 28e-k, there is a

somewhat similar development, but in this species the archegonial

tube not only penetrates deeply into the prothallial tissue, becoming

sinuously curved by the resistance offered to its passage, but it brings

about an active disintegration and digestion of the prothallial tissue,

Fig. 28g, In this species a suspensor is formed, the pear-shaped zygote

dividing by a longitudinal and then by a transverse wall. Fig. 28e-j.

In S. poulteri. Fig. 26, the embryo is also thrust deeply into the

prothallus, but this is due to a very elongated though infrequently

septate suspensor. Fig. 26e. S. nibricaulis is generally like S. galeottei,

the developing embryo showing some departure from exact symmetry

in its several cell divisions, Fig. 28l. These several species may all

develop a more or less considerable foot.

Bower (1935) has pointed to the variable development of the foot

and to the different positions occupied by the first rhizophore in different

species. Figs. 25g, 27a, b; 28l. The rhizophore may be formed below

the suspensor but on the same side and opposite the foot as in S.

denticulata; or opposite the suspensor and above the foot as in

S. poulteri; or above the suspensor and foot as in S. galeottei. If we
regard the suspensor as of transitory importance only, and the foot as a

variable and 'opportunist" growth, the rhizophore is then seen to

occupy a normal basal and lateral position relative to the shoot.

THE CONSTITUTION OF THE APICAL MERISTEM

Studies of the embryogeny in different species of Selaginella,

together with morphological investigation of their development to the

adult state, have been productive of interesting facts concerning the

histological constitution of the apical meristem (Schiicpp, 1926; Ward-
law, 1952). In some species the apical meristems of both shoot and

rhizophore may have a definite apical cell, surrounded by its segments

which consist of elongated prism-shaped cells; in other species a



Fig. 28. Embryogeny in SelagimUa

A-D, S. kraitssiana. A, B, Archegonium, o, which has elongated into an embryo-

tube (Embryoschlauch, es) containing the embryo, e, at its base; /-/, the first parti-

tion wall of the zygote. C,D, Older embryos in l.s. E-K, S. galeottei. The embryo

develops deep within the gametophyte tissue at the base of an elongated embryo-

tube. The suspensor, su, is greatly reduced in this species, e.g. as in K. E, The first

wall is vertical. J, Two embryos side by side. L, S. rubricaulis. (A-D, x 225; E,

X 370; H-K, x 230; G, F, L, x 150; after Bruchmann).
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group of apical initials is present. During the embryonic development

of S. pouJteri the shoot apex has a three-sided (i.e. tetrahedral) apical

cell; but as the apex enlarges a gradual transformation takes place so

that several apical initials are present in older and stouter branches

(Bruchmann, 1909). Bruchmann (1909, 1910) also found that the

apical meristem in S. lyalUi and S. preissiana consists of a group of

similar meristematic cells, as in Lycopodium. In S. wallichii, Strasburger

(1872) found that there were two conspicuous apical initial cells;

similar observations have been recorded by Williams (1931) for

S. grandis. Wand (1914) has stated that in different species apical growth

may proceed from a three- or four-sided apical cell, from a divided

apical cell, or from a group of similar initial cells. This last condition

is characteristic of the primitive, radially symmetrical species S. spinu-

losa and is apparent at a very early stage in the embryogeny. In

dorsiventral species on the other hand, a single apical cell is established

as a distinctive feature at a very early stage in the embryogeny, e.g.

S. denticidata. Fig. 25k.

The distinctive histological organisation of the shoot apex in any

particular species is ultimately referable to its genetic constitution.

While we are not yet able to explain how particular genes, or gene-

groups, bring about this organisation, we may note that, as in certain

other features of the embryogeny, the genie effect can be detected at a

very early stage in the ontogenetic development.

ISOETES

At the outset it should be noted that this account of the embryogeny

in Isoetes, is in two parts : in the first part use has been made of the

descriptions given in standard works, e.g. those of Campbell and Bower;

in the second the account by La Motte, based on experimental investi-

gations, has been followed.

In Isoetes the megaspore is filled with a uniform prothallial tissue,

the first archegonium being formed at the point of convergence of the

apical fissures, i.e. it is closely comparable with Selaginella. The

ovum is conspicuous and practically fills the venter. Fig. 29a. After

fertilisation, the first partition wall is obliquely transverse to the axis

of the archegonium, Fig. 29b ; no suspensor is formed and the embryo-

geny is exoscopic {but see below). The two segments of the divided

zygote may be referred to as the epibasal and hypobasal cells. They

have been likened to the two tiers seen in the embryogeny of some

species of Selaginella (Bower, 1935). The next two divisions are at

right angles to the first wall and to each other and yield an octant

stage. These walls are somewhat irregular and not always clearly

defined in Isoetes, Fig. 29c. On further growth and cell division the
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hypobasal tier gives rise to the foot only, while the epibasal tier forms

the first leaf and root and, after some delay, the shoot apex, Fig. 29d.

In the further development from the octant stage, the embryo consists

of an ovoid mass of similar cells. It then widens out in the plane of the

basal wall : one half of the epibasal region gives rise to the first leaf

and the other, opposite half to the first root, Fig. 29d. A large cell at

the base of the first leaf is recognised as the primordium of the ligule.

The differentiation of the ligule is followed by the formation of a semi-

circular ridge at the base of the root; this grows rapidly as a sheathing

organ or velum and encloses the base of the leaf and its ligule. In the

narrow cleft between the bases of the velum and first leaf there is an

inconspicuous group of cells. These, in fact, are meristematic cells of the

small and as yet unorganised shoot apex, of which, according to

Campbell (1918), there is no indication at earlier stages in the embryo-

geny. Even for some time after, the shoot apex does not show any

conspicuous organisation: there is general agreement among in-

vestigators (Hegelmaier, 1872, 1874: Farmer, 1891; Lang, 1915) that,

as in Lxcopodium and Selagiuella spimdosa, no single initial cell can be

observed at the apex. Campbell (1918) regards the first leaf ('cotyledon')

with its ligule as the first organogenic development, this being followed

by the inception of the first root opposite to it. Between these two

organs, in a slight depression, is the locus of the shoot apex, which is

still very small, feebly developed and quite unorganised. The second

leaf is formed facing the first, with the inconspicuous shoot apex lying

between. The subsequently formed leaves arise in a spiral sequence

round the apex.

Campbell has noted that while the axes of the first leaf and first

root may, or may not, coincide, their vascular strands are continuous.

The foot is poorly developed in the young embryo, but becomes quite

conspicuous later on. Fig. 29d, gradually filling the megaspore cavity.

At this stage the prothallial tissue has virtually disappeared.

Many, probably most, investigators have regarded Isoetes as a

ligulate lycopod, admittedly presenting many unusual features but,

on the concensus of evidence, being such as to be included in the

Lycopodineae and to be brought into a general, if not close, relationship

with Selagiuella. This, for example, is the view taken by Bower. But

Campbell (1940), while agreeing that the ligulate leaf, the presence of

microspores and megaspores, and the nature of the prothallus admit

of fairly close comparisons being made between Isoetes and Selagiuella,

considers that Isoetes differs so much from other pteridophytes that its

true affinity must remain a matter for conjecture. On balance, he

considers that it may have a closer affinity with eusporangiate ferns,

such as the Marattiales and Ophioglossales, than with Selagiuella.
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We may now consider how the facts of the embryogeny bear on these

very different views.

Bower (1935) has pointed out that, at first sight, the embryogeny

of Isoetes appears to be very different from that of Selaginella, although

the parental prothalli are much alike. But (he argues) if it be assumed

that Isoetes had once possessed a suspensor like Selaginella, and that

this suspensor has been lost or eliminated in the course of descent,

then the inversion of the embryo and a consequential exoscopic

embryology might in due course follow. The variable obliquely

transverse position of the first wall is regarded as being of some

theoretical importance in this assumed inversion, i.e. it may be a

residual condition associated with the inversion. Otherwise he con-

siders that the two tiered octant stage in Isoetes may be compared with

the two tiered embryonic region in Selaginella. The loss of the suspensor

and the inversion of the embryo in Isoetes, if true, pose genetical and

physiological questions of great interest and difficulty. Bower refers to

the work of La Motte (1933) who showed that the embryo in Isoetes

shifts its position as it grows, the axis constituted by the first leaf and

first root lying approximately parallel to the surface of the gametophyte.

It should be noted, however, that it is only the extensive growth in the

transverse plane that brings about this disposition of the embryo, the

direction of the very abbreviated shoot or axis being still that determined

at the first division of the zygote.

As supporting his views on the alfinity of Isoetes, Campbell sees in

the organogenic development of the embryo (with its conspicuous,

early leaf and root formation, delayed shoot formation, and the

relationships of the vascular strands of leaf and root) arrangements like

those found in the embryogeny of certain eusporangiate ferns, e.g.

Marattiaceae and Ophioglossaceae. 'The embryo of Botrychium

virginianum perhaps most nearly resembles that of Isoetes, but there

are resemblances to the embryo of the Marattiaceae also.'

Fig. 29. Embryogeny in Isoetes echinospora and /. lithophila

A, The ovum at fertilisation; a, archegonium. B, First division of ovum by an

approximately transverse wall. C, Older embryo, with fairly regular divisions; the

first wall has been somewhat oblique to the archegonial axis. D, Median l.s. of an

embryo, just before the cotyledon (c) breaks out of the prothallus; the foot, /,

consists of enlarged cells; %, ligule; r, root. The shoot apex originates in the

depression at the base of the ligule. (A, B, x 330; C, x 300; D, x 200; after

Campbell.) E, F, G, Diagrammatic representation of the embryonic development

in variously orientated gametophytes of /joe/t-i; L, first leaf; /?i, first root; F, foot.

H, J, K, L, M, Early stages in the embryonic development in Isoetes lithophila; 1-1,

the first partition wall; 2-2, the second wall; I-IV, the quadrants; the position of

the archegonial neck is indicated by the two short converging lines and the zenith by

Z. N, O, P, Isoetes lithophila, showing the relation of the initial segmentation to the

subsequent organogenic development; the finer shading represents the incipient

vascular tissue; s, sheath of primary leaf; L^, L^, leaves; st, site of shoot apex;

Ig, ligule (all after La Motte).
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In the foregoing pages the writer has set out what may be regarded

as the classical account of the embryogeny of Isoetes and the discus-

sions associated with it. In a comprehensive experimental investigation

of several species of Isoetes, La Motte (1937) has shown, by holding

megaspores in agar in predetermined positions during fertilisation and

the development of the embryo, that when the mature female gameto-

phyte is fixed in a horizontal position, so that the neck of the arche-

gonium is also horizontal, i.e. at right-angles to the direction of the

force of gravity, the embryo emerges with the primary leaf pointing

upward and the primary root downward. Fig. 29e. When the gameto-

phyte is placed so that the archegonium neck is directed upward, i.e.

in the line of gravity, the embryo emerges in a horizontal position, Fig.

29f, the leaf later curving in an upward direction and the root down-

ward; and as the young sporophyte continues to grow it straightens

itself out so that all trace of its original horizontal position is lost.

Relative to the archegonial axis, however, the young embryos, both in

position and shape, are closely comparable in the two experiments.

When the prothallus is placed with the archegonial neck directed

downward, the embryo is again horizontal but inverted, and stands in

the same positional relationship to the archegonium as in the first two

experiments, Fig. 29g. Lastly, when megaspores were constantly

rotated in a horizontal klinostat, the position of the embryo relative to

the archegonium was the same as before. Relative to gravity, however,

the leaves of embryos in the rotated megaspores emerged at random.

These experiments show clearly that factors in the prothallus or

archegonium are of primary importance in determining the orientation

and initital stages in the embryonic development. Because of the

radial symmetry of the archegonium and prothallus, gravity also

becomes effective and serves as a stimulus towards the vertical develop-

ment of the leaf-root axis, the response to this stimulus being very

pronounced. La Motte has ascertained that the period when the

zygote can respond to the gravitational stimulus probably corresponds

approximately to the period when it undergoes its first mitosis (between

24-36 hours after fertilisation).

The growth of the embryo is rapid: at 48 hours the embryo is

spherical or ovoid and consists of about 12-20 cells; at 72-76 hours it

is elongated, is more developed on one side than the other, and the

ligule can be distinguished; during the fourth and fifth days the con-

formation of the foot, the first leaf, and the sunken ligule becomes

evident ; by the seventh day the leaf, in which chlorophyll has already

been formed, is bursting out of the prothallus and the conformation of

the root can be observed.

From his experiments La Motte had ample materials for histological
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Study. When the zygote divides, the first partition wall is laid down in a

vertical-oblique position relative to the archegonial axis (it is off-set at

an angle of about 20^), and where the archegonium is horizontal, it is

at right angles to the direction of gravity. Fig. 29h. Only rarely was
this wall observed in a position at right-angles to the archegonial axis.

Moreover, the tilt of this wall is such that a peripheral point nearest the

archegonial neck is in the highest position (relative to the zenith) of the

apex of the venter, Fig. 29h-k.

The innermost of the two cells is described by La Motte as the

epibasal segment. A second wall divides both segments, somewhat
unequally, the two quadrants next the archegonial neck being somewhat
smaller than the other two. Of the latter, i.e. in the base of the venter,

the cell nearest the zenith is the larger. An octant stage follows. The
cell divisions now cease to be simultaneous, more rapid growth and
division being characteristic of the cells in the base of the venter. Fig.

29l, m. La Motte's illustrations. Fig. 29n-q, show the further develop-

ment of the embryo, its several members being related to the early

segmentation described above. It will also be seen that he considers

the embryogeny to be endoscopic and not exoscopic as previous

investigators had supposed. The innermost epibasal quadrant gives

rise to the first leaf and the outermost one to the slowly-organised shoot

apex; the innermost hypobasal quadrant becomes the foot and that

next the archegonial neck the first root. This embryonic development

is thus like that of a leptosporangiate fern, which the present writer

would prefer to describe as being lateral. La Motte considers that, on
various grounds, the Isoetales should be regarded as being coordinate

with the Lycopodiales and therefore included in the division Lycopsida.

APOGAMY

The apogamous development of embryos in Selaginella has been
reported in 5'. rubricaiiUs and S. spimdosa by Bruchmann (1912), and
in S. anocardia by Goebel (1915). The details of development, in so

far as they are knov/n, appear to follow the normal pattern. If this is so,

the biochemical differentiation which leads to the formation of an
axial embryo must be present in the unfertilised ovum.

FOSSIL EVIDENCE

Although some rather good specimens of fossil megaspores with

prothalli have been obtained, e.g. Borthrodendron from the Lower
Coal Measures, nothing is known of the embryology of the arborescent

fossil Lycopodineae.
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DISCUSSION AND CONCLUSIONS

Any attempt at a causal analysis of the embryonic developments in

Selaginella and Isoetes will necessarily be tentative and the conclusions

reached are likely to be incomplete and they may be erroneous. Yet,

if we are to advance in our knowledge of embryogenesis, it is essential

that the morphological evidence should not simply be left as so much
descriptive data and that explanations of the observed phenomena
should be attempted. In this connection the discovery by Wetmore
and Morel (1951) that the prothallus of Selaginella pallescens can be

cultured aseptically in vitro should prepare the way for new experi-

mental investigations.

Bower (1922, 1935) has pointed out that although the orientation of

the embryo in Selaginella is usually related to the axis of the arche-

gonium, attention must also be paid to the effect of gravity. As a

convention, the archegonium in Selaginella is usually illustrated with

the neck directed vertically upwards ; but, in Nature, the oval spore is

most likely to lie on its side, and therefore both the axis of the arche-

gonium and of the young embryo are horizontal. The dispositions of

the shoot and root in the young sporophyte bear out this view. The
illustrations show that the effects of gravity become evident at an

early stage in the embryogeny.

If the archegonial axis in Selaginella is horizontal, the elongation of

the zygote and the first transverse wall seem likely to be determined by

factors within the zygote or in the surrounding gametophyte tissue.

The axis of the archegonium coincides with the direction of physio-

logical gradients from the centre to the surface of the prothallus.

Accordingly, either before or after fertilisation, the ovum may be

affected by these gradients, and a differential distribution of its meta-

bolic substances may result. The segmentation pattern in any species

of Selaginella develops in a regular and characteristic manner, and this

may be attributed partly to the distribution of gene-determined meta-

bolites in the embryonic reaction system, and partly to physiological

conditions in the surrounding gametophyte tissue.

As in Lycopodium, the distal pole of the Selaginella embryo is

almost immediately established as the region of active protein synthesis,

meristematic activity and organ formation, the basal pole being a

region of accumulation of osmotically active substances, active cell

enlargement and vacuolation. Thus, from an early stage, the embryo
has an active apical meristem, and the organisation of a miniature

shoot. As in procumbent shoots, the horizontal embryo may be

characterised by a differential distribution of growth-regulating

substances as between its upper and lower sides. In conjunction with
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Other factors, this may account for the development of a more or less

conspicuously swollen foot and for the upward curvature of the

embryo. As auxin production at the shoot apex and the response of

tissues to auxin are probably gene-controlled, the size of the foot may
be expected to vary from species to species.

The swollen foot is generally held to be a suctorial or haustorial

organ, i.e. takes up nutrients from the prothallus and passes them on to

the growing apical region. To what extent, in the early embryonic
development, the absorption of nutrients takes place over the whole
embryo is not known, but from quite an early stage the embryo apex

behaves very much like an adult shoot apex, i.e. as if it received all its

nutrients from the tissues below.

The data for Selaginella support the view that the characteristic

embryonic developments, i.e. the 'stages' illustrated in morphological

studies, are fundamentally due to the patternised distribution of

specific metabolites (see Chapter 111). That biochemical and bio-

physical conceptions have an essential place in interpretations of the

embryogeny of Selaginella is evident from the anatomical data recorded

by Bruchmann. In S. poiilteh, for example, the slender suspensor does

not simply thrust the embryo down into the dense tissue of the gameto-

phyte ; there is evidence of an active dissolution of the tissue by enzymes
secreted by the distal region of the embryo, very much like the digestion

of the endosperm by the embryos of flowering plants. Examples of this

are seen in those species in which the archegonium elongates into a

long tubular or sac-like structure which Bruchmann and Goebel have

described as an Emhryosclilauch (embryo-tube). In S. kraussiana this

tube penetrates deeply into the prothallial tissue, just like a stout

fungal hypha, with the small, two-celled embryo lying at the inner

extremity ; while in S. galeottei the long and sinuous tube, with a small

four-celled embryo at its inner extremity, is surrounded by prothallial

tissue in a state of dissolution or partial digestion. The characteristic

size of the foot and the position of the first rhizophore in different

species afford further evidence that a specific and orderly distribution

of metabolites underlies the observed developments.

The suspensor in Selaginella is of interest on both phylogenetic and
morphogenetic grounds. There can be little doubt that the factors

which determine its presence are transmitted in heredity. But precisely

how these factors, or genes, produce the observed effect, i.e. the

differentiation of the zygote into two cells of different constitution and
reaction, is not known. Selaginella also shows a trend in the direction

of the loss of the suspensor: in various species the suspensor is replaced,

as it were, by a deeply penetrating embryo-tube. In the genus as a

whole, the suspensor may be more or less well developed and functionally
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important. In S. denticulata, for example, the foot, in whole or in

part, is formed from the suspensor. In Isoetes, however, there is no
suspensor, either because this organ was never present in the Isoetales

or because it has been lost, or eliminated, in the course of descent.

Although the embryo of Isoetes is not thrust into the prothallus as it is

in Selaginella, its organogenic development is nevertheless broadly

comparable : a basal foot makes intimate contact with the gametophyte

tissue and transmits nutrients to the apical region. Bower has referred

to the zygote of Isoetes as having become 'inverted' as a consequence

of the loss, or absence, of a suspensor. This conception raises problems

of some difficulty; for, as we have seen, there is support for the view

that the development of the zygote is characterised by a heterogeneous

distribution of metabolites at the two poles. Now, where a suspensor is

eliminated in the course of descent, presumably as a result of mutation,

the morphological modification will be referable to a change in the

previous biochemical differentiation at the two poles. The suspensor

segment of a zygote, as we have seen, has limited potentiality for growth

but is a locus for the accumulation of osmotically active substances.

Even where the suspensor is small or absent, the basal cells of the foot

have these same characteristics. In some species the suspensor may
have little functional importance and in general it is an organ of limited

growth. Whether the genetical change determining the elimination of

the suspensor is of a major or minor character is not known (see

Chapters IX, XVI). If the ancestors of Isoetes possessed a suspensor, it

is difficult to explain how the biochemical differentiation at the poles of

the two-celled embryo could have become completely reversed. Con-
siderations such as these suggest that the taxonomic relationship of the

two genera cannot be a close one.

Bower (1935) has remarked that it is perhaps surprising that the em-

bryonic developments in Lycopodium and Selaginella are so much alike,

considering how very different are their respective prothalli : L. selago

and S. spimdosa, for example, are closely comparable in a number of

features. We do not, of course, know the magnitude of the genetical

difference that separates the heterosporous and the homosporous con-

ditions : it may perhaps be considerably less than is usually supposed by

morphologists. Certainly, it would appear that the main factors deter-

mining the embryogenic development in the two genera were already

present in the common ancestor and that subsequently the two lines of

descent have afforded some remarkable examples of parallel evolution.

Lastly, it may be noted that the early embryogeny of Selaginella is

not at all unlike that of some flowering plants, in which the proembryo

consists of a multicellular suspensor with an approximately spherical

embryonic region, the latter giving rise to the shoot, leaves and roots.



Chapter IX

EMBRYOGENESIS IN EUSPORANGIATE FERNS

GENERAL INTRODUCTION

THE living ferns constitute a large and coherent class descended from
early Palaeozoic ancestors. Two subdivisions, the Eusporangiatae

and the Leptosporangiatae, are recognised, the former being the more
ancient and primitive, the latter the more modern and derivative

(Bower, 1923 etc.). There is, however, no absolute separation of the

two subdivisions: a gradual emergence of the leptosporangiate from
the eusporangiate condition can be traced along several phyletic lines.

Bower has argued that the ferns can be arranged in a phylogenetic

scheme on the basis of twelve criteria of comparison, including external

morphology and symmetry, the initial constitution of the plant body as

indicated by segmentation, the nature of the vascular system, the

inception and character of the sporangium, the morphology of the

prothallus and the embryology of the sporophyte. If these criteria are

applied to the whole class of living ferns, a rough division can be made
into those, at one end of the series, in which the general plan of con-

struction is on a robust or massive basis (the Eusporangiatae) and those

at the other end, in which the general plan of construction is on a less

massive but structurally more exact basis (the Leptosporangiatae)

(Goebel, 1880). Between these extremes various intermediate conditions

have been found. Campbell (1890) concluded that the massive euspor-

angiate ferns are primitive and the more delicate leptosporangiate ferns

derivative. This conclusion is supported by the fossil evidence.

In Bower's comparative treatment, the young sporophytes of

eusporangiate and leptosporangiate ferns afford materials for com-
parison. The two main features in the embryogeny which he regards

as possibly having a phylogenetic bearing are (i) the relative complexity

of the initial segmentation, and (ii) the presence or absence of a

suspensor.

In the older classifications, the ferns constituted one of the six

related classes of the Pteridophyta, or Vascular Cryptogams. But in

more recent classifications {see Chapter XVI), their affinity is with the

Gymnospermae and Angiospermae. As these problems of taxonomy
have by no means been solved, it will be of interest to consider if the

facts of embryology throw any light on the various relationships that

have been suggested.

125
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Although the prothalli of many ferns are very much alike, i.e.

consisting of a thin strap-like or heart-shaped sheet of photosynthetic

tissue, there is, nevertheless, some diversity in the morphology of the

prothallus. Thus, some are underground and mycorrhizic and entirely

saprophytic in their nutrition. As the embryo and young sporophyte

are initially dependent on the prothallus, there is a question as to what

extent, and in what way, the embryonic development is determined, or

modified, by nutritional factors.

The types of zygotic segmentation in the ferns are illustrated in

Fig. 30.

OPHIOGLOSSACEAE

The Ophioglossaceae, including the living genera OphiogJossum,

Botrychium and Helmiuthostachys, are probably the most primitive of

living ferns and may well be regarded as modern survivors of ancient

Palaeozoic stocks. Actually no fossil progenitors are known. The

Ophioglossaceae afford very typical examples of eusporangiate ferns

(Bower, 1926, 1935; Campbell, 1911, 1918, 1940).

In all the Ophioglossaceae the gametophyte is a tuberous, mycorrhi-

zic, saprophytic, underground body. The prothalli of Ophioglossum

and HelminthostacUys are typically elongated, cylindrical structures,

sometimes branching, with a distal apical growing point; that of

Botrychium is a dorsiventral, somewhat flattened structure, but growth

is also by means of a meristematic apex. The prothalU thus afford

evidence of features which we normally associate with the embryo.

OPHIOGLOSSUM VULGATUM

As only some of the early stages in the embryogeny of O. vulgatum

have been ascertained, the relation of the organs to the initial divisions

of the zygote still await clarification, Bruchmann's valuable paper

(1904) does, however, give a substantial amount of information. The

archegonia are situated at the surface of the cylindrical prothallus.

The first division of the zygote is by a transverse wall, Fig. 31a. No
suspensor is formed and the embryogeny is exoscopic. The segment

next to the archegonial neck may be recognised as the epibasal segment

and the other as the hypobasal segment. The quadrant and octant

stages, though not yet observed, probably exist, for Bruchmann's next

illustration is of a median section of an ellipsoidal embryo, in which the

octant walls and those subsequently formed are indicated. Fig. 31b.

In one hypobasal quadrant the inception of an endogenous root is

indicated; the other hypobasal quadrant becomes the foot; but, for

some considerable time, the whole of the epibasal region remains in the

initial undifferentiated condition, all the cells being meristematic and
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Fig. 30. Types of segmentation in the zygotes of ferns

A Exoscopic embryogeny, as in Ophioglossum vulgaUnn and Botrychium Imaria.

the first partition wall defining the shoot (.v) and foot (/) regions; a neck of arche-

gonium ; p, prothallus. B, The first wall is again at right angles to the archegonium,

but the embryogeny is endoscopic, as in Angiopteris; s, shoot; /, first eat
; /, toot,

/ root C Typical endoscopic embryogeny, as in some Marattiales, the suspensor

(su) being next the neck of the archegonium. D, Lateral embryogenic development,

as in leplosporangiate ferns, the first wall being in the axis of the archegomum

E Diagrammatic representation (after Heinricher) of the disposition of embryos

induced on both the upper and lower sides of the cordate prothallus of a lepto-

sporangiate fern ;
pa and pb indicate the directions of the apex and base respectively

of the prothallus. In both archegonia (a), the embryos have the same orientation

towards the archegonial neck and the apical region of the prothallus.
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of approximately the same size. The next development consists in the

rapid growth of the root which bursts out from the tissue of the

prothallus, Fig. 31c; its vascular strand can be traced from the apex

backwards to the region of the root's inception close to the foot. The
foot meanwhile has not undergone any conspicuous enlargement and

the epibasal segment is still quite undift'erentiated histologically.

Development to this stage is said to occupy several seasons. The
embryo is filled with nutritive substances but contains no endophytic

fungus. In the next phase of development the shoot apex, the first leaf

(which is situated on the side of the axis above the first root), and a

surrounding leaf sheath, have their inception in a superficial, approxi-

mately median position in the epibasal segment. A column of elongated

cells, actually incipient vascular tissue, is now differentiated in the

tissue between the first leaf and the root stele, and the apex of the second

root is now organised. Text-fig. 3 Id. This first leaf undergoes some
further growth. The second leaf is formed at the apex in a normal

manner, its vascular strand becoming joined with the root stele. No
vascular tissue is differentiated below the apical meristem of the shoot.

The first and second leaves have sheathing bases like the leaves in the

adult shoot. The first leaf may be only slightly larger than the second,

and the latter is not enclosed in the leaf-base of the former. Fig. 31e.

In fact, the first leaf soon stops growing, but the second leaf grows on

Fig. 31. Embryogeny in Ophioglossaceae

A-E, Ophioglossum viilgatiim. A, Archegonium in l.s. showing the first division of

the zygote. B, An embryo in the post-octant phase, showing a regularly segmented
but undifferentiated ovoid tissue mass, consisting of the epibasal (ep) and hypo-
basal (hy) regions; the latter gives rise to the first root (/) of which an endogenous
initial can perhaps be recognised, and the foot,/; I-I, first or basal wall. C, An older

embryo in l.s. showing the well-developed first root {r), the undifferentiated epibasal

region {ep), which will later give rise to the shoot apex and first leaf, and the foot (/)

in contact with the prothallus ip). D, Embryo in l.s. showing the shoot apex (s), the

first leaf (/), and its encasing sheath {Is), the first root (/) with its vascular strand

(vs), and the initial of the second root {r.^)- E, An older embryo in l.s., showing the

points indicated above, but here it can be seen that the first leaf (/i) has remained
small, while the second leaf (/o) is becoming conspicuous; each is enclosed in a leaf

sheath (after Bruchmann). F, Botryc/iiiim hiiiaria. First division of zygote, as seen in

l.s. of archegonium. The embryogeny, as in O. iiilgatum, is exoscopic (after

Bruchmann). G, H, B. obliquiiin. Archegonium with zygote as seen in l.s.; the

zygote elongates and penetrates the tissue of the prothallus. At the first division a

transverse wall divides this cell into a suspensor and an embryonic cell and the em-
bryogeny is endoscopic; a, archegonium (after Lyon). J-O, Helminthostacliys zey-

laiiica. J, Young arrested endoscopic embryo, consisting of first and second sus-

pensor tier cells (s^ and s.,), and the embryonic cell (e); ar, archegonial neck. K,
Mature embryo, seen from suspensor side, showing the suspensor (s.,), the foot (/),

the shoot apex (a), the root (r), and the first leaf (/). L, Basal region of young plant

showing the apical bud (a), the first leaf (/), the first and second roots (/"i,
/-.>), the

hypocotyl (/;), and the foot (/); s, suspensor. M, N, Two small embryos, showing
the suspensor, the swollen embryo proper and the position of its apex {a). O, Pro-
thallus and embryo in approximately longitudinal section, showing the several

embryonic regions; lettering as above (after Lang). (A, x 150; B, x 225; C-E,
X 23; F, X 100; J, x 130; K-N, x 20.)
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and emerges above ground as the first green leaf, this process being said

to require some eight to ten years. This leaf is of small size and bears

no fertile spike. The third leaf, which appears above-ground the follow-

ing year, may, in some instances, be fertile. The further developments

are as in the mature plant. Young sporophyte plants, both free in the

soil or still attached to the prothallus, may have one to four well

developed, horizontally disposed roots, while the shoot apex is still a

very minute bud. In one specimen figured by Bruchmann, a secondary

adventitious bud is present on a long root, the bud being at some

distance away from the primary apex. Like the parent prothalli, all

these plantlings occur several centimetres below ground and are

holosaprophytic.

In terms of growth the following points emerge from a consideration

of the embryological data given above : (i) the growth of the embryo

takes place very slowly until a green leaf has appeared above-ground,

i.e. mycorrhizic nutrition alone apparently admits of very slow growth

only; (ii) the cells of the prothallus and young embryo are densely

packed with starch grains; (iii) the nutrition of the embryo from the

prothallus may at first be by v/ay of the foot and root but subsequently,

when the root has burst out of the prothallus, the foot must be the

principal organ of uptake; (iv) root inception and development take

place in advance of the organisation of the shoot apex and the formation

of the first leaf; (v) as judged by the inception of vascular tissue, the

shoot apex is relatively inert, the vascular tissue being largely, if not

completely, foliar in origin.

Although the times of development of the different parts of the

young embryo (shoot, leaf, root and foot) in the eusporangiate fern

O. vulgatum are difterent from those in leptosporangiate ferns such as

Dryopteris or Adiantum, the eventual patterns of embryonic develop-

ment are closely comparable in the two types. Thus the embryo in

Adiantum, Fig. 35, shows a characteristic spherical quadrant stage, after

which the foot and root are formed from the two hypobasal quadrants

and the shoot and first leaf from the epibasal quadrants; also the leaf

and root quadrants are contiguous. This is just the relationship that

has been described above for Ophioglossum vulgatum. It is, therefore,

a reasonable assumption that the same general factors are at work in

both ferns, and that constitutionally they have much in common.
Although in Ophioglossum vulgatum the embryonic development,

and especially the organisation of a shoot apex, take place very slowly,

it seems probable that the essential and primary differentiation of the

several embryonic regions is a biochemical one, i.e. it is due to the

inception of a patternised distribution of particular morphogenetic

substances. The polarity of the embryo, as in other embryogenies, is
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determined at a very early stage, and the foot and first root, as also the

first root and first leaf, are invariably contiguous. The first leaf, like

the second and all subsequently formed leaves, is a dorsiventral

structure, and arises in the normal foliar orientation to the radially-

symmetrical shoot apex. It has been shown experimentally that not

only do the leaves of ferns and flowering plants always originate in the

shoot apical meristem, but that their characteristic dorsiventrality is

probably due to biochemical effects proceeding from the shoot apical-

cell-group. (Wardlaw, 1952; Sussex, 1951, 1952). All this is as much
as to say that in O. vu/gatum, no matter how sluggish and seemingly

anomalous the embryonic development may be, a characteristic bio-

chemical organisation, or pattern, not unlike that of other ferns, is

present from an early stage and is maintained and elaborated during

the subsequent development. (For further discussion of this aspect

see p. 165.)

As a working hypothesis we may suppose that, for the 'normal'

development of a fern embryo, each quadrant requires particular meta-
bolites in certain characteristic concentrations and proportions. Or,

alternatively, we might say that each quadrant develops as it does

because it is 'normally' supplied with certain metabolites in charac-

teristic concentrations and proportions. Now whereas the 'normal'

embryo, as seen in Dryopteris, Adiantum or Osmunda, derives its

nutrition from a green, photosynthetic prothallus, the embryo of

O. vulgatum is nourished by a saprophytic, mycorrhizic underground
prothallus. The Dryopteris type of embryo {see below, p. 142) is

characterised by rapid growth, by the early and approximately simul-

taneous formation of the apices of shoot, leaf and root, and by a

balanced embryonic development. By contrast, the embryo of O.

vulgatum is characterised by very slow growth, by heavy depositions of

starch in the embryonic cells, by relatively precocious root formation

and very belated shoot and leaf formation. However, once a photo-

synthetically active leaf has appeared above-ground, the organogenic

development becomes 'normal' and 'balanced' and, indeed, in all its

general features, is closely comparable with that of Dryopteris. The
delayed organisation of the shoot apex in O. vulgatum has a close

parallel in those species of Lycopodium where the young embryo also

derives the whole of its nutrition from a mycorrhizic, underground

prothallus {see Chapter VII). A reasonable iniference from the facts is

that whereas the mycorrhizic fungus provides the prothallus (and,

indirectly, the young embryo) with an abundance of carbohydrate, the

supply of nitrogen-containing substances, and possibly of certain

growth-regulating substances, is small and limiting : hence the delay in

the formation of the protein-synthesising shoot apical meristem.



132 EMBRYOGENESIS IN PLANTS

The precocious inception and development of the root in the

embryo of O. vulgatum may provisionally be referred to {a) its position

in proximity to the foot and to the prothallial sources of nutriment,

{b) the presence of auxin in concentrations that admit of the inception

of a root apex and of root growth. Whether or not a specific 'root-

forming substance' is involved must remain an open question. For

some considerable time after its inception, the root uses most of the

nutrients drawn in from the prothallus. As the root grows, a vascular

strand is differentiated behind its apex, the base of this strand being

in the approximately central position in the ellipsoidal embryonic tissue

mass at which the root apex originated.

The delay in the organisation of the shoot apical meristem and the

first leaf may be provisionally attributed {a) to the deflection of the

main supply of nutrients into the precociously developing first root,

{b) to inadequate supplies of nitrogen-containing substances from the

saprophytic prothallus, and possibly (c) to a delay in the building up

of an effective concentration of some essential 'shoot-forming' sub-

stance in the epibasal hemisphere. This substance would be a metabolite

other than auxin, for, as Bruchmann has shown, some embryos have

already formed three or even four roots before the shoot apex has

become at all conspicuous. In one specimen, the first root, which had

attained a length of 6 cm, bore an adventitious root-bud about 0-7 cm
behind its apex. Such observations may support the view of Went

(1938) that a 'shoot-forming substance,' or caulocaline, is formed in

the root; Goebel (1902) also considered that a bud-forming substance

is normally formed in the roots of O. vulgatum, and hence root-buds

can be formed both in attached and detached roots (Wardlaw, 1953).

All such conceptions of the origin and action of single morphogenetic

substances are probably a vast over-simplification of the processes

actually involved. That some specific growth-regulating substance, or

some nitrogen-containing metabolite, is limiting in the embryonic

development of O. vulgatum seems to be fairly clear; for, as the evidence

shows, the first leaf is not only very slow-growing but it remains

rudimentary. It may here be noted, that, up to this time, the embryo,

as in Fig. 31e, is still attached to the prothallus, and is still free from

the endophytic fungus. After this stage, many of the embryos become

detached from the prothallus. Whether or not the greater growth and

morphogenetic activity of the shoot apex are associated with this

detachment from the prothallus, and, for some time at least, dissociation

from mycorrhizic nutrition, are questions that deserve fuller con-

sideration than they have been given. The functioning of the root in

direct contact with the soil and its uptake of water and salts also seem

likely to have important effects on growth relationships in the embryo.
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It is now well known that when a piece of plant tissue containing a shoot
apex is placed in a culture medium, the growth and morphogenetic
activity of the apex are greatly enhanced once a root has grown down
into the medium.

From the foregoing analysis it appears that the early embryogeny
of O. viilgatunu although seemingly very anomalous, is, in fact, com-
parable with that of other ferns, including leptosporangiate ferns, the

morphogenetic anomalies being probably referable to nutritional

factors. This view is supported by data relating to the inception and
organisation of buds on this species (Wardlaw, 1953).

Organogenesis in Induced Buds. The earliest stages in the formation

of buds in roots and shoots afford interesting materials for comparison
with the embryogeny. When a bud is formed at the root tip, according

to Rostowzew (1891), a cell of the root apical meristem divides several

times, its segments forming the apex of the new bud and the first leaf.

Root formation takes place some time later, and there may be con-

siderable evidence of leaf growth before the first root emerges from the

parent-root tissue. When a bud is induced at some point in the mature
region of a root, the first stage consists in the development of an
ellipsoidal or spherical mass of meristeniatic tissue in the middle or

inner cortex. Within this mass a shoot apical meristem becomes
organised (Wardlaw, 1953), and soon thereafter the first leaf is formed.

The first root may then have its inception, or this may be delayed a

little. A considerable amount of leaf growth may take place in the

course of a few months. Once a root-tip has been differentiated, root

growth may be rapid, so that a thick root, considerably larger than the

first leaf, may be formed in 4-6 months. When an endogenous bud is

formed in the pith of a decapitated shoot its development is closely

comparable with that just described: a shoot apex is first formed; the

first leaf is formed almost simultaneously and shows evidence of very

rapid growth; the root apex is always the last to be differentiated, but

subsequently root growth may be more or less vigorous in different

instances. In buds formed laterally on the shoot, a shoot apical meri-

stem is first organised; leaf formation follows and some time later

a root apex appears. In these induced buds the relation of roots to the

leaf-bases cannot be precisely specified (Wardlaw, 1954).

These induced buds are characterised by the very active formation

of densely protoplasmic meristeniatic cells, as compared with the

starch-filled cells of the embryo. The buds are also characterised by the

early differentiation of a shoot apical meristem, with subsequent or

simultaneous leaf formation, and the later inception of roots, whereas,

in the embryo, root formation comes first. These differences in organo-

genic activities as between embryos and buds can almost certainly be
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referred to metabolic factors and relationships. In particular they

appear to be largely, if not entirely, related to the nutritional resources

which can be mobilised from a purely saprophytic prothallial system

on the one hand, as compared with a photosynthetic leaf and mycor-

rhizic root system on the other. This finding may have a more general

application. The 'normal' embryonic development of any species takes

place as it does because the embryo is developing in a closely regulated

and specific metabolic system. If, however, the nutrition available to

the embryo is modified in certain ways, the embryonic development

may be more or less considerably modified, but it will, nevertheless,

take place within the general embryogenic pattern for the species.

Extreme changes in the embryonic development of Datura stramomum
have been made by van Overbeek, Conklin and Blakeslee (1941, 1942)

and van Overbeek (1942) by culturing excised young embryos in a

medium with added coconut milk {see also Chapter XV).

EMBRYONIC DEVELOPMENT IN OTHER SPECIES OF OPHIOGLOSSUM

Campbell (1911, 1940) has recognised three types of embryogeny in

the genus Ophioglosswn, namely, (i) the O. vulgatum type as described

above; (ii) the O. moluccamim type as described by Mettenius (1856)

and Campbell (1911, 1921, 1940); and (iii) the O. pendulum type as

described by Lang (1902) and Campbell (1911, 1921, 1940).

In O. moluccanum, according to Campbell, the epibasal segment of

the young embryo gives rise to the cotyledon, or first leaf, {leaf 1), the

whole of the hypobasal region being occupied by the large foot. The
primary root {root 1), which originates endogenously in the central

region of the embryo, grows rapidly downwards through the foot and
fastens the young sporophyte to the soil. The first leaf also elongates

rapidly, breaks through the prothallial tissue, and appears above
ground as a delicate lanceolate and presumably green leaf. At this

stage, the foot consists of a zone of large cells in the equatorial region

of the bipolar embryo which, according to Campbell, now consists of

the cotyledon and root only. The first leaf is initially a conical object

with an apical cell but later it becomes narrowly laminate and petiolate.

The leaf stalk merges with the root, their tissue systems being con-

tinuous. The shoot apex, which originates as an endogenous bud close

to the stele in the primary root, consists initially of a small mass of

active meristematic cells. Campbell states that the second leaf

originates independently of the shoot apex but is closely associated with

it. Its vascular strand becomes conjoined directly with the stele of the

primary root. No vascular strand can be discerned below the rudi-

mentary shoot apical meristem; the latter is enclosed within the sheath-

ing base of the second leaf, but root parenchyma may also contribute
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to this structure. The second root does not emerge until the second leaf

is nearly complete: its stele joins the leaf stele near its conjunction with

the first root. Thereafter, in CampbelTs account, the development of

the sporophyte is attributed to the activity of the shoot apex.

Considerable difficulties have to be overcome in any attempt to

explain these developments in O. moluccamuu. CampbclTs data arc

admitted by him to be somewhat incomplete. As the hypobasal seg-

ment soon becomes enlarged and parenchymatous, it is perhaps not

surprising that the primary root has its inception in some of the more
deeply seated tissue which has remained meristematic. Again, although

the whole of the epibasal segment seemingly gives rise to the cotyledon

or first leaf, this leaf is not an organ of completely radial symmetry. It

first appears as a conical structure but its inherent dorsiventrality

becomes apparent on further growth. From this the present writer

would conclude, on the basis of a biochemical theory of embryogenesis,

that, as in O. rulgatum, the epibasal segment has two growth centres:

one of these early becomes active as the first leaf, whereas the other

remains relatively inactive as far as the development of structural

organisation is concerned. But, later, this inconspicuous but persistent

growth centre develops and becomes organised as the shoot apex.

Because the vascular strand of the second leaf becomes conjoined with

the root stele, it does not necessarily follow that this leaf is independent

of the shoot apex. Since the third and all subsequent leaves are formed

at the shoot apical meristem, it would be somewhat exceptional if the

second leaf had its inception in a completely different organogenic

relationship. Are we to suppose that there is some abrupt change

in the developmental harmony and pattern as between leaf I and leaf 2,

and again between leaf 2 and leaf 3, whereas the development from

leaf 3 onwards is in conformity with a single pattern ? If we consider

the embryonic development in terms of an underlying biochemical

pattern, and not simply in terms of the visible morphological results,

many of the difficulties raised by these curious features in the embryo-

geny of O. moluccaimm disappear. In this view, there is developmental

harmony from the outset, as is common in embryos at large, and not a

series of somewhat unrelated developments as Campbell's interpretation

would appear to suggest. In the embryogeny of O. moluccamun, as in

O. vulgatum, the root is precocious, presumably in relation to the

nutrition drawn from the prothallus. Subsequently, possibly in relation

to the photosynthetic activity of the first leaf and uptake of nutrients

by the root, a more balanced metabolism supervenes and normal

morphogenetic activity at the shoot apex is thereafter maintained.

In O. pendulum the young sporophyte is characterised by the

formation of a very large foot from the hypobasal segment, while the
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epibasal segment may form a large and massive root, or a primary root

may be formed from one side and a second root from the opposite side.

These developments are evidently related to the nutrients taken up

from the prothallus by the massive foot. The embryo grows to a large

size before it emerges from the prothallus, and the primary root may
attain to a length exceeding 2 cm before there is any evidence of the

organisation of the shoot apex and the formation of the first leaf. The

apical bud is probably formed endogenously in the primary root as in

O. moluccaimm. As the prothallus of O. pendulum is long-lived, it is

considered that the young sporopliyte may continue its underground

saprophytic existence for an indefinite period.

From the fact that the shoot apex originates near the base of the

primary root, i.e. near the centre of the embryo, it could be argued that

it is not necessarily organised from a later-formed growth centre but

that it is the original distal pole of the embryo which has been delayed

and become displaced by the extensive development of the primary

root. In short, the embryonic development in O. pendulum is in

essentials like that of O. vulgatum, the differences being of degree rather

than of kind. The same underlying biochemical pattern is present in

both, and is never obliterated, however much the initial organogenic

development may be modified by nutritional factors. Because the shoot

apex exists for some time in a histologically rudimentary condition it is

not necessarily completely non-functional. In the several species of

Ophioglossum, the first leaf is always a dorsiventral structure, with a

collateral vascular strand in which the xylem is on the adaxial, i.e. the

apical, side.

BOTRYCHIUM LUNARIA AND OTHER SPECIES

In external morphology and internal structure Botrychium closely

resembles Ophioglossum and from this it may be inferred that it has a

similar underlying developmental pattern. In the smaller species of

Botrychium, e.g. B. simplex and B. lunaria, which closely resemble

O. vulgatum in size and organisation, the embryogeny is exoscopic, the

first, basal wall is transverse, and the subsequent divisions yield a typical

octant stage, Figs. 30, 3 If. No suspensor is present. At the octant stage

the embryo is subspherical or ellipsoidal. On further development and

cell division the exact boundaries between the epibasal and hypobasal

regions are not clearly defined and the subsequent organogenic develop-

ments cannot readily be related to the initial segmentation. However,

in B. simplex, it seems probable that the foot and root are of hypobasal

origin and the leaf and shoot apex of epibasal origin (Campbell, 1940).

If so, the embryogeny in this species would be generally comparable

with that of many other ferns. The young embryo, nourished by a
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saprophytic underground prolhallus, consists of a massive foot and a

primary root. In B. huiaria the first leaf is insignificant and non-

vasculated, and several similar rudimentary leaves are formed before

the first green leaf appears above ground. This requires several years.

In both B. simplex and B. lunaria the shoot apex develops slowly as

compared with the root system, but in the former species the first leaf

is better developed and the second leaf appears above ground (Bruch-

mann, 1906).

Campbell (1911) has given some important comparative data

relating to the early development in different species. In B. virginianum,

there is a considerable enlargement and some elongation of the zygote

before the first partition wall is formed; in B. limaria this elongation

is considerably less marked; while in B. ohUquiim the zygote becomes
much elongated before the first division, Fig. 31g, h. Whether
directly or indirectly, these diff'erences reflect differences in the genetical

systems of the three species. The basal wall in B. virginiamim divides

the elongated zygote unequally into a larger epibasal and a smaller

hypobasal segment. Indeed, at a first glance, it appears as if a sus-

pensor might be present (Campbell, 1911). However, Campbell (1940)

states that this species has no suspensor, the embryogeny being like

that of B. simplex.

In B. obliqimm, Fig. 31g, h, a suspensor is present, the embryogeny
is endoscopic and the embryo proper develops from the densely proto-

plasmic terminal cell. This cell divides by a wall of variable position,

the hypobasal cell (adjacent to the suspensor) giving rise to a large foot,

while the distal or epibasal cell gives rise to a somewhat inconspicuous

superficial shoot apex and a bulky first leaf. Some time later the first

root is formed endogenously near the centre of the embryo. As it

grows it penetrates the foot. A vascular strand extends from the first

leaf into this root. Root elongation is rapid, keeping pace with the

growth of the first leaf, so that, according to Campbell (1940), 'the

young sporophyte has a definite bipolar structure.' The first leaf

eventually appears above ground, (^^e Campbell, 1911, 1940; Lyon,

1905; Bower, 1908, 1935.) An initial cell is present in the shoot apex.

No vascular tissue is discernible below the shoot apex, A massive

sheath develops at the base of the first leaf and encloses the apical

meristem and the second leaf which is formed on the flank of the

meristem. The vascular strand of the second leaf joins that already

present, i.e. the vascular system in the shoot in Botrychium appears to

be entirely of foliar origin.

In the specialised but evidently related group of organisms that

constitute the genus Botrychium, it is a matter of considerable interest

that a suspensor is present in some species but not in others. Moreover,
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we can see that in different species there are factors which have an

effect on the initial growth and division of the zygote. These several

specific developments afford evidence of differences in the biochemical

pattern and reaction in the ovum or zygote. It may be that, within the

genus, comparatively small differences in the hereditary constitution

may account for the presence or absence of a suspensor.

HELMINTHOSTACHYS ZEYLANICA

While the' early stages in the embryogeny of this species are im-

perfectly known, it has been demonstrated that a suspensor is present

(Lang, 1902, 1910, 1914). The cylindrical prothallus grows vertically

in the soil, the archegonia and later the young embryo being aligned in

an approximately horizontal direction. The zygote elongates in the

axis of the archegonium and extends into the prothallial tissue before

any segmentation talces place. The first two walls are transverse: the

small, innermost segment is the embryonic cell; the two larger cells

constitute the suspensor. Fig. 31j-o. The outer suspensor cell may
remain undivided or it may divide into a number of smaller cells. The

second tier of the suspensor divides into several cells. The essentially

axial embryo continues to grow straight for some time, the embryonic

cell giving rise to a hypobasal segment, which develops into the foot,

and an epibasal segment which gives rise to the shoot apex, the first

leaf and probably the first root. The apex has its inception near the

centre of the epibasal tier. As the growing embryo responds to the

stimulus of gravity its axis becomes curved and the shoot assumes an

erect position. At this stage the embryo is compact and fleshy and is

reminiscent of the embryo in Botrychium. Later, the embryo consists

of a somewhat elongated hypocotyl terminated by the shoot apex and

a first, rudimentary leaf, a conspicuous fleshy foot embedded in the

prothallus, and a first root. Fig. 31l. The second leaf is functional and

according to Campbell (1940) resembles the first leaf in B. obliquum.

He also considers that in Hehninthostachys, in relation to 'the greater

development of the axis and terminal bud,' the vascular strand which

runs from below the apex to the root tip may be partly of axial or

cauline origin. The shoot meristem has a truncated apical cell like that

in OphiogJossum. The axis of the young sporophyte is at first upright

but eventually becomes a horizontal creeping rhizome.

In discussing the embryology in the Ophioglossaceae as 'a very

interesting problem in morphology,' Bower (1935) considers that the

facts support the view that the presence of a suspensor is evidence of an

archaic condition and that 'by its elimination the embryo has solved an

awkward problem of orientation. So long as the suspensor anchors the

embryo in relation to the archegonial neck, contortion of the sporeling
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would be necessary in order to secure an upright orientation of the

shoot except in certain favourable cases.' It does seem probable that

the suspensor is a primiti\e feature in ferns, but whether its presence

has been as disadvantageous as Bower suggests is debatable. In

gymnosperms and angiosperms, which are the most successful and
progressive members of the Plant Kingdom, a suspensor has been

retained throughout. The same is true of the large and successful genus

Selaginella. From the evolutionary, genetical and causal points of

view, the loss of a suspensor in difterent lines of descent is, of course,

a matter of very considerable interest. For if the suspensor is ultimately

a gene-determined organ, then, in different phyletic lines not closely

related, there has been the same or a very similar kind of modification

in the reaction system.

MARATTIACEAE

In these ferns the prothallus is superficial, green and fleshy, but it

also has a mycorrhizic fungus in its tissue. The archegonia project

downwards from the lower side of the prothallus, and, according to the

species, the embryo may or may not have a suspensor. The first wall

in the zygote is at right-angles to the archegonial neck and the embryo-

geny is vertical and endoscopic, whether a suspensor is present or not.

The inner or epibasal segment gives rise to a large first leaf and to a

somewhat insignificant shoot apex. The hypobasal segment gives rise

to the foot. The primary root, which is usually formed some time after

the first leaf, arises endogenously below it from the central tissue of the

embryo. Although the shoot apex is inconspicuous and slow to develop,

the first leaf is a dorsiventral structure with a normal orientation

towards the apex. With some variations, then, the Marattiaceae are

like the Ophioglossaceae and other ferns in respect of their funda-

mental embryonic pattern.

In all Marattiaceae thus far investigated {see Campbell, 1911, 1940,

for a general survey) the zygote is divided by a transverse wall. In those

species in which the segment adjacent to the archegonial neck does not

develop into a suspensor, the next wall is at right-angles to the first

yielding a regular quadrant stage. In Angiopteris, Marattia and

Kaulfussia, the hypobasal cell, lying next the archegonial neck, gives

rise to the foot, while the epibasal cell forms the stem apex and first

leaf. The latter is the conspicuous organ. Figs. 30, 32, but close to its

inner base the inconspicuous shoot apex, with a single 3- or 4-sided

apical cell, is also present. On further growth the first leaf bursts

through the upper surface of the prothallus. Campbell (1940) regards

this stage as being comparable with that of Ophioglossum mohiccamun,

except that the apex in the Marattiaceae is more conspicuous.
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After the octant phase, the initially squat embryo becomes globular

and then elongated vertically and its bipolar character becomes

apparent. The first root is formed endogenously near the centre of the

embryo when the latter has attained to some considerable size, a group

Fig. 32. Embryogeny in Marattiaceae

A, B, Aiigiopteiis evecta. A, Endoscopic embryo, with elongated suspensor {sii),

and small embryonic cell as seen in a transverse section of the prothallus; the

archegonium (a) is seen in l.s. B, A later stage, showing the embryo, with suspensor

(«/), pushing inwards to emerge on the upper side of the prothallus (after Land).
C, D, Marattia dotiglasii. C, Young embryo; no suspensor is present, but the

embryo is endoscopic; I-L first partition wall; s, shoot; /, foot. D, An older
embryo; i, shoot apex; /, leaf; /), prothallus; o, archegonium neck ( x 100). E,

Augiopteris evecta. No suspensor is present. ¥, Daiiaea jamaicensis. A small sus-

pensor {sii) is present; I-L first wall of embryo; s, shoot apex; /, foot (C-F, after

Campbell). (A, x 200; B, x 100; C, x 225; D, x 72.)

of cells dividing actively and becoming so organised as to constitute a

root apex, with a single apical cell of variable form. As this root

enlarges it penetrates downwards through the foot which becomes more
or less obliterated, and through the lower side of the prothallus into

the soil. This root development is more or less in organic continuity

with the first leaf.

The second leaf is formed on approximately the opposite side of
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the apex to the first and has a vascular strand which becomes conjoined

with the first leaf-root strand; and, as Campbell (191 1, 1921, 1940) and
others have shown in some detail, the vascular system subsequently

developed in the young sporophyte shoot is apparently composed
entirely of decurrent, fused leaf-traces. This seems to be true in all

Marattiaceae so far studied; i.e. there appears to be no true axial or

cauline stele, and the primary stele at the base of the shoot is not a

true protostele. However, in Danaea, after the formation of about the

seventh leaf, a single axial strand which is not of foliar origin can be

traced in the pith to the shoot apical meristem (Brebner, 1896, 1902;

Campbell, 1940).

Campbell has called attention to the insignificant size of the shoot

apex in embryos of Marattiaceae, and to its belated appearance in the

Ophioglossaceae. In his view, the shoot largely consists of coalescent

leaf-bases, and in this he sees some confirmation of Delpino's theory

that the leaves and not the stem are the primary organs, the so-called

stem being an integrated construction of foliar members. The same
idea underlies the various phytonic theories of shoot construction,

Campbell (1921) further states that the young sporophyte of Ophio-

glossum iias no stem at all, but consists simply of a single leaf and root,

the stem arising secondarily as an adventitious bud.' While it is true

that the leaves are the rapidly-growing and conspicuous organs in

eusporangiate ferns—as indeed they are in all ferns—nevertheless we
may note that, however insignificant histologically the shoot apex may
be, and however late its appearance in the embryogeny, it is the centre

and focus of the whole axial development, all the lateral members
being formed in an orderly manner in relation to each other round
that centre. Moreover, if the apex is destroyed the axial growth and
the formation of new foliar members soon ceases (Wardlaw, 1949a).

The suspensor in Danaea is small; in Macroglossum it is large.

The presence or absence of a suspensor in the Marattiaceae does not

change the orientation of the embryo: it is always endoscopic and
directed upwards through the prothallus. In the particular case of

Macroglossum, Bower (1935, p. 529) remarks that the peculiar form
assumed by the embryo 'gives the impression of its being held in place

by its suspensor, but unable to penetrate the prothallus upwards. . .
.'

'Possibly such difficulties as its form implies may have opened the way
for the condition constantly seen in the leptosporangiate ferns, where
the embryo without a suspensor emerges on the lower surface of the

prothallus.' Angiopteris evecta is of interest in that it has been described

as being with and without a suspensor in different specimens, Fig.

32a, b, e (Land, 1923). (For a general discussion of fern embryos, see

end of Chapter X.)



Chapter X

EMBRYOGENESIS IN LEPTOSPORANGIATE FERNS

THERE is now a considerable literature on the embryology of lepto-

sporangiate ferns. In 1842 Bischoff discovered the embryo enclosed

within the tissue of the prothallus, and in 1849 Hofmeister demonstrated

that it was formed within an archegonium. In his 'Comparative

Investigations' (1851) he gave detailed accounts of the embryogeny in

Dryopteris (Aspidium) fiUx-mas and Pteridium (Pteris) aqidlinum. In

1863 Pringsheim followed with a study of Sahmia natans and in 1865

Hanstein dealt v/ith Marsilea salvatrix. Other investigations appeared

from time to time, some relatively complete, others of a more frag-

mentary character. Vladesco (1935) has summarised and evaluated the

work to date and may be referred to for a comprehensive bibliography.

His own work, which includes both morphological and experimental

observations, has been drawn upon here for an account of the normal

development in leptosporangiate ferns.

THE EARLY SEGMENTATION AND EMBRYOGENY

In Dryopteris, Adiautum, Onoclea, Gymuogramme and other

leptosporangiate ferns, the archegonia are typically formed on the

lower side of the heart-shaped prothallus and have their necks directed

downwards, or obliquely downwards. The fertilised ovum is approxi-

mately spherical in shape, and the first partition wall, known as the basal

wall, lies in the axis of the archegonium and at right-angles to the

axis of the prothallus. Figs. 30d, 33-36. By the time this wall has been

laid down, the polarity of the embryo has been irreversibly determined

:

the anterior segment, which lies towards the apex of the prothallus, is

the epibasal segment and gives rise to the shoot apex and first leaf; the

posterior or hypobasal segment gives rise to the first root and foot.

The second wall is at right-angles to the first and it lies in the axis of the

archegonium and of the prothallus; it is described as the median wall.

The embryo now consists of quadrants which would be seen in plan by

looking down on the under surface of the prothallus. The third wall is

a transverse one, i.e. it is perpendicular to the archegonial axis and to

the first two walls. The embryo now consists of octants. These initial

divisions, and those which follow, usually take place in a very regular

manner; indeed, they are in close agreement with the ideal segmentation

pattern that would be obtained in a sphere dividing by walls of minimal
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Fis 33 Embryogeny in Osmunda and Matonia
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area (see D'Arcy Thompson, 1917, 1942; Thomson and Hall, 1933).

The positions of the walls are not determined by external factors such

as light or gravity but by factors within the zygote or adjacent prothallial

tissue. Vladesco (1935) maintains that, with occasional exceptions, the

sequence in wall formation described above is general in leptosporangi-

ate ferns, this being contrary to the classical view that the transverse

wall is laid down before the median wall. Hofmeister, Hanstein and

Pringsheim held that the segmentation into quadrants by the basal and

transverse walls was highly significant in determining the inception of

the several organs of the embryo. Vladesco considers that this view

should now be abandoned.

Leptosporangiate fern embryos have no suspensor. At the first

division of the zygote, however, as in Pten's serratula. Fig. 35a, the

epibasal segment may be slightly smaller than the other (Atkinson,

1894). In Marsilea, Fig. 36b, the hypobasal segment is the smaller

(Campbell, 1918). Vladesco (1935) states that the epibasal segment is

usually the smaller. If we regard the approximately spherical zygote as

a reaction system, this unequal division would be indicative of cyto-

plasmic or rnetabohc differences at the anterior and posterior poles.

Longitudinal sections of the embryo of Gymnogramme at the octant

stage, in the plane of the transverse walls, show that it is ovoid and

elongated along its polar axis. Fig. 34 (Vladesco, 1935).

Now, in the small sphere of meristem.atic cells illustrated in Fig.

35b, it is evident that a considerable amount of biochemical or physio-

logical differentiation must already have taken place; for different

regions—which can be indicated as the anterior-superior, the anterior-

inferior, the posterior-superior, and the posterior-inferior quadrants

—

soon develop into (1) the shoot apex, (2) the first leaf, (3) the root and

(4) the foot, respectively. In short, the main organographic regions are

determined at an early stage.

The earlier investigators tried to relate the formation of the several

organs to the individual quadrants in a more or less precise manner.

A more critical scrutiny of the facts of the embryonic development,

however, shows such views to be untenable. That individual quadrants

do give rise to particular organs is not in question, but there is no close

and obligatory relationship between the segmentation pattern and organ

formation. Although the orientation of the walls during the division

of the octants is such as to define what appear to be 'three-sided' apical

cells, these do not, in fact, function as the apical cells of the leaf and

shoot. Indeed, the delineation of the so-called epibasal and hypobasal

discs (Vouk, 1877) is by no means constant : it is not found in Scolopen-

drium vulgare. The first leaf, as in Gymnogramme sidphwea (Vladesco,

1935), and many other ferns, originates equally from both of the
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Fig. 34. Gymnogramme sidphurea, a leptosporangiate fern

A, B, Sections of 16-celled embryo, cut at right-angles to the archegonial axis; the

sections traverse the inferior octants in A and the superior octants in B; the

anterior octants are uppermost ( x 380). C, D, E, Older embryos ; in C and D the in-

ferior and superior octants respectively have been cut parallel to the transverse wall;

in E, the section is a longitudinal median one; i.e. it is cut parallel to the axes of the

archegonium and the prothallus; C shows that the first leaf is derived from both

octants; the root initial can be seen in one of the posterior octants; in E the first

leaf, the shoot apex, the first root and the foot are distinguishable ( x 380). F, A
still older embryo in longitudinal median section. G, Scolopemlritim vidgare.

Longitudinal median section of embryo, showing the obliquity of the first partition

walls in the anterior octants, no 'epibasal disc' being formed; I-I, first or basal

wall; II-II, second or median wall; III-III, third or transverse wall; /, leaf; s,

shootapex, /-, root; /.foot. (A-E, G, x 380; F, x 190; after Vladesco.)
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anterior-inferior octants: it does not begin from the three-sided cell

in one of the octants, with a concomitant suppression of the other.

The root apex, which is formed precociously, originates from a single

octant in relation to the normal pattern of segmentation. The shoot

apex, like the leaf, is not formed by the growth of the three-sided cell

in one of the anterior-superior octants, as has been generally thought

:

the apical initial is formed by the characteristic enlargement of one of

the cells close to the median wall. This cell may be in one or the other

of the two octants. It remains rather inconspicuous until the second

leaf and the second root initials are becoming differentiated. The
initial of the second leaf, which Vladesco considers to be independent

of the shoot apex, and to pertain to the embryonic tissue mass, may
occur in the same octant as the shoot apical cell, or in the other anterior-

superior octant. The foot, which soon consists of enlarged vacuolated

cells, does not only consist of the posterior-superior quadrant, but may
also comprise some of the tissue derived from segments of the anterior-

superior quadrant, as in Pteridum aquilimmi (Hofmeister, 1851, 1857).

Vladesco summarises the facts by saying that the octants as such have

no organogenic significance.

As the embryo continues to enlarge within the protective sheath

afforded by the venter, prevascular tissue becomes differentiated, a

strand being typically observed between the leaf tip and root tip, this

being conjoined with a strand which originates below the shoot apex.

The first root is usually diarch, while a cross-section of the embryonic
shoot about the level of the foot would reveal a small protostele. In

many, though not in all, leptosporangiate ferns, there is a close corres-

pondence between the number of leaves and of roots, one root being

typically formed at the base of each leaf. This has been interpreted by
Vladesco as giving strong support to the phyllorhize theory of Chau-
veaud(1921).

Phyllorhize Theory. A consideration of the later stages of the

embryonic development leads to an analysis of the organisation of the

young sporophyte planthng and its further orderly development.

These studies have led to the formulation of conceptions such as that

of the phyllorhize, a term used by Chauveaud, though various phytonic

theories of plant construction have long been entertained (Wardlaw,

1952). Chauveaud recognises the spherical multicellular fern embryo
as a meristematic or embryonic tissue mass, from which two rather

different organs may be formed, namely the phylle (having the nature

of a foliar organ) and the rhize (having the nature of a root or radical

member). These two organs together constitute a unit, designated as the

phyllorhize, which is held to be fundamental in the construction of

vascular plants. At the point of union of these units in the first
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phyllorhize is the foot, by which the phyllorhize is attached to the

prothallus. At the base of the phylle hes the residual meristematic

mass, corresponding to the shoot apex, from which the second
phyllorhize will be formed ; and there is always a residuum of this mass
available for the formation of further phyilorhizes. Chauveaud further

Fig. 35. Embryogeny in leptosporangiate ferns

A, Pteris serratula. First division of zygote, as seen in l.s. of the archegonium (a);

the smaller segment is towards the prothallus apex (ap); p, prothallus. B, C,

AdiaiUitm coiicinnum. B, Post-octant stage, as seen in a longitudinal median section

of the prothallus and archegonium; ap, direction of apex of prothallus; s, shoot

apex; /, first leaf; /, foot; i; first root. C, Older embryo, still enclosed in the pro-

thallus; lettering as before. D, Onoclea sensibilis. Fully formed embryo, with first

and second leaves, /^ and /j; sa, shoot apex. (A, B, x 250; C, x 135; after

Atkinson; D, x 48; after Campbell.)

recognises that the base of the phylle has a shoot-like character and
this he designates as caule, the upper foliar portion being recognised as

feuille (leaf). This theory of construction in the ferns rests on the

following facts: (i) that in many ferns there is a very close correspon-

dence between the number of leaves and of roots, e.g. young plants of

Alsophila australis, Gymnogramme sidphurea, Ceratopteris thalictroides,

Scolopendrium vidgare, Polypodium vulgare, and others, may show four,

five or more perfect phyilorhizes; (ii) that the vascular tissues run from
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leaf to root; and (iii) that the shoot apex may be rather inconspicuous

at first and may have little or no vascular tissue dififerentiated below it.

The theory, which in some respects is evidently aptly descriptive for

some species, is supported by Vladesco and others ; but because of its

serious defects and limitations it has been rejected by Bower (1923)

and Bugnon (1921, 1924), and by the writer (Wardlaw, 1943, 1952) on

the basis of experimental investigations. The facts seem to favour an

axial theory of construction, the shoot apex being the primary morpho-

genetic region of the plant.

Fig. 35b, c, shows that the dispositions of the epibasal and hypo-

basal segments relative to the surrounding prothallial cells, from which

nutrients will be absorbed, are closely comparable. As the epibasal

region is directed towards, and the hypobasal region away from, the

apex of the prothallus, the two regions may be differentially affected

by metabolic gradients within the prothallus. In this connection

Albaum (1938) has shown that a basipetal auxin gradient can be demon-

strated in the prothallus : the epibasal segment of the embryo would

thus be at a higher point on this gradient than the hypobasal segment.

In general, the embryonic segmentation pattern is more regular and

exact in leptosporangiate than in eusporangiate ferns. Campbell (1940)

has noted that each of the octants, which are like tetrahedra with one

curved surface, shows what appears to be apical growth for a brief

period, i.e. the divisions of each octant are such that a 'three-sided'

apical cell is formed. But this, in fact, is exactly what would happen in

the division of a tetrahedron by walls of minimal area. Fig. 35b.

Vladesco (1935) has indicated that none of these three-sided cells

functions as an apical cell, whether of the leaf or the shoot. In the

root quadrant, in which the octant wall is somewhat oblique, the larger

cell begins to function as the apical cell of the first root.

During its early development the embryo remains within the

prothallus and obtains all its nutrition from it, probably by way of the

foot. It is during this phase that the organisation of recognisable

meristems, i.e. of shoot, leaf and root, each with a single apical cell,

takes place in three of the quadrants. In the fourth quadrant the

original meristematic character is soon lost and it becomes a region of

distended parenchyma-like cells and is recognised as the foot. There is

a characteristic gradient of cell size from the foot into the shoot region.

Figs. 33f, m; 35c. As soon as organ formation becomes sufficiently

advanced, it can be ascertained that whereas the shoot and root are of

radial symmetry, the first leaf, and all subsequently-formed leaves, are

of dorsiventral symmetry and arise in a definite relationship to the shoot

apex. It is difficult to account for the inception of this orderly develop-

ment, or organisation, in the very young embryo, but such concepts as
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(i) the existence of a dislinclivc biochemical pattern in the spherical

embryo at, or soon after, the octant stage, (ii) the organisation of the

shoot apical meristem as a morphogcnetic region, (iii) the functioning

of the apical cell (or apical cell group) as a growth centre whose physio-

logical field affects the growth of the adaxial side of the leaf, and (iv)

the effect of light, gravity and polarity in effecting characteristic

accumulations of auxin in the leaf and root, i.e. the anterior- and

posterior-inferior quadrants, may contribute to an understanding of

the observed developments.

In the leptosporangiate ferns, as in other pteridophytes, the epibasal

segment of the zygote, or distal pole, soon becomes a self-determining

morphogcnetic region, drawing nutrients to itself from the foot. It

seems not unlikely that auxin, produced during the growth of the

incipient shoot and leaf apices, diffuses backwards and is differentially

distributed in the two hypobasal quadrants, promoting root formation

and growth in one quadrant and parenchymatisation in the other.

In the young embryo, as in the adult fern, the leaves grow much more

rapidly than the shoot. Nevertheless, in leptosporangiate ferns, the

sporophyte may well be considered to be an axial structure from the

outset. Apart from the first leaf, v/hich originates simultaneously with

the shoot, the shoot apex gives rise to the leaves and not vice versa.

BRIEF SURVEY OF LEPTOSPORANGIATE FERNS

Bower (1926) has placed the Osmundaceae in a central place am.ong

the Eusporangiatae, but notes that they show certain evolutionary

upward tendencies: they are the contemporary representatives of an

ancient phyletic line, somewhat intermediate in morphology between the

eusporangiate and leptosporangiate ferns. Campbell (1895, 1918, 1940)

has maintained that they belong to the Leptosporangiatae. The

archegonium and embryogeny are like those of this subdivision,

though there are some differences worthy of note.

In Osmimda an octant stage of some regularity has been observed

(Campbell, 1918, 1940), Fig. 33. The first two walls are both in the

axis of the archegonium; the third wall is transverse; and the inception

of the primary organs from the quadrants and the post-octant seg-

mentation pattern are as in the Polypodiaceae. The post-octant

segmentation pattern, however, is considerably less regular, and

comparative morphologists have regarded this as evidence of the

essentially intermediate position between eusporangiate and lepto-

sporangiate ferns occupied by the Osmundaceae. The Osmunda embryo,

moreover, retains its globular form for a longer time, i.e. there is a

delay in the inception of its primary organs, Fig. 33c, d, and it does not

emerge from the calyptra until it has attained to a considerable size,



150 EMBRYOGENESIS IN PLANTS

Fig. 33e, f. In short, the embryos of these ferns show growth and
structural differences as compared with those of Adianturn or Dryopteris.

To what extent some of the growth characters of the Osmimda embryo

are related to the presence of an endophytic fungus in the green pro-

thallus is a matter of interest, especially in view of the very slow growth

and development of the embryo in eusporangiate ferns with holo-

saprophytic prothalh.

In the Gleicheniaceae the embryogeny is also intermediate in

character. Precise information is lacking but according to Campbell

(1940), who has figured embryos at various stages of development in

Gleichenia pectinata and G. linearis, the initial divisions of the zygote,

the general segmentation pattern, and the organogeny are as in the

Polypodiaceae. The embryo, however, is characterised by a large foot,

the axes of the first leaf and root are aligned and their vascular strands

continuous, as in the Marattiaceae, and the shoot apex is initially small

and inconspicuous but has a definite tetrahedral apical cell. The
presence of a vascular strand below the apex has not been definitely

ascertained, though its existence seems probable.

Little is known of the embryogeny in the Schizaeaceae. This is

unfortunate, since in species such as Schizaea pusilla the prothallus is

typically filamentous and the archegonium almost free, i.e. in contact

with the prothallial tissue only at its base. It would be very interesting

to know if, in these ferns, the embryogeny follows the same pattern as

in Adiantum or OnocJea, where the developing zygote is surrounded by

prothallial cells. In Lygodium japonicum Vladesco (1935) found that

the sequence of divisions to the octant stage was as usual for lepto-

sporangiate ferns. In Aneimia phyUitides, however, after the basal wall

has been laid down, the anterior segment is divided by a median wall,

whereas the posterior segment is divided by a transverse wall (Vladesco,

1935). The further development is, unfortunately, not known but

Vladesco states that it does not appear to show any important

divergences.

An incomplete and inexact account of the early development of

Hymenophylhim tunbridgense was given by Janczewski and Rostafinski

in 1875. Vladesco (1935) states that the arrangement of the primary

organs appears to be normal for leptosporangiate ferns, but contrary to

the account given by the two authors mentioned above, the first root

develops normally, without any precocious disorganisation, and second

and third roots are sometimes formed under their corresponding leaves.

In many plantlings, however, only one root is formed. Vladesco states

that this may be related to the humid environment in which this fern

grows.

In the Hymenophyllaceae, the gametophyte in some species of
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Trichonumcs consists of a llattcncd thallus like liiat of many Icpto-

sporangiate ferns; but in other species it may be filamentous and
branched like a moss protoncma. In Hynicnophvl/uni the prothallus is

typically a branched, strap-like structure, usually one cell in thickness

except for the cushions in which the archegonia are formed. The
embryogeny in those species in which the prothallus is either filamen-

tous, or in the form of a thin narrow ribbon, seems likely to be of

special interest; for in them the effect of the gametophyte on the

developing zygote may be expected to be somewhat different from that

exercised by a more massive prothallus. Unfortunately, little is known
about the embryogeny in the Hymenophyllaceae. However, Holloway
(1930, 1944) has given an account of the prothallus and embryonic

development in one species, Cardiomanes reniforme {Trichomanes

reuifonue). In this species the slowly growing gametophyte consists

of narrow branching ribbons, often one cell in thickness. Completely

filamentous forms were also observed. The form of the gametophyte
is thus very variable, especially in its earlier stages of development. The
archegonia are typically found in groups on the upper and lower sides

of well-formed ribbons, Fig. 35 bis a. In all, Holloway has reported

on the structural development of some eighty embryos, ranging from
the fertilised ovum to the beginning of growth in the young sporophyte.

All his illustrations, however, show the neck of the archegonium
directed upward, though the configuration of some of the embryos
portrayed suggests that they had been formed in downwardly directed

archegonia. The main points which have emerged from this valuable

study may be summarised as follows. Fig. 35 bis. (1) The first partition

wall in the segmentation of the zygote may be at right-angles to the

long axis of the archegonium, or obliquely inclined to it ; but it is never

quite in the plane of this axis, as in leptosporangiate ferns. In two
associated archegonia, on opposite sides of the same cushion, one had
the first wall obliquely transverse, while the other had it so strongly

inclined as to be almost vertical. (2) The epibasal (or neck) segment

and the hypobasal segment then divide by walls at right-angles to the

first or basal v/all; but some anomalous embryos consisting of a

linear group of three cells were also observed. (3) After the quadrant

stage there is no regularity in the ensuing divisions, and the apical cells

of the primary organs cannot be distinguished until considerable

further development has taken place, i.e. the embryo consists of a

histologically undifferentiated globular or ellipsoidal tissue mass.

(4) When at length the apical, or initial, cells of the first leaf (cotyledon)

and first root can be distinguished, they are seen to be quite inconstant

in their relation either to the neck of the archegonium or to the longi-

tudinal direction of the gametophyte ribbon. A little later, the initial
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cell of the shoot can be distinguished near the base of the leaf and

away from the root initial, its position being clearly indicated sub-

sequently by the cluster of associated hairs. (5) In some embryos it

appeared that the shoot, leaf and root may all have originated from

the epibasal segment, the hypobasal segment giving rise to the foot

only; this point, however, was not definitely ascertained. The root is

apparently endogenous in origin and in alignment with the leaf; it may
sometimes emerge in proximity to the archegonium neck. (6) As in

some other ferns, the shoot is slow in developing. Its associated stele

is formed later than that which runs between the leaf and the root;

it becomes conjoined with this strand. (7) Many embryos may develop

on a gametophyte at the same time. In such cases it was observed that

starch may accumulate round the half-formed embryo. (8) The foot is

typically a large organ but in older embryos it tends to be in contact

with the cushion only at its base. As a resuh, the embryo projects

strongly.

If we assume that the rather tenuous parental prothallial tissue has

relatively little regulative effect on the zygote, and also bear in mind

that archegonia may be disposed on the prothallus with the neck

pointing upward, downward or laterally (because of curvatures in the

cushions), then the variable position of the first partition wall of the

zygote is perhaps to be expected. It seems to be fairly clear that, as in

other archegoniate plants, the polarity of the embryo is defined once

this wall has been formed. From this beginning, the further organogenic

development of the embryo is not unlike that in other leptosporangiate

ferns ; it is reminiscent of some eusporangiate ferns in the delay in the

inception of the primary organs. Some of Holloway's observations

suggest that in the nutrition of the young embryo there may be a

preponderance of carbohydrates relative to the other substances re-

quired for sustained growth. This might account for the late inception

of the leaf, root and shoot apices. In the illustrations in Fig. 35 bis,

the present writer has given the embryos the orientation which he

thinks they may have had during their actual growth.

The Matoniaceae occupy a position related to, but somewhat

in advance of, the Marattiaceae and Gleicheniaceae (Bower, 1926).

Stokey and Atkinson (1952) have cultured the spores and obtained

prothalli, embryos, and eventually young plants of Matonia pectinata.

Fig. 33m. During its development from the spore the gametophyte

passes through a typical filamentous stage, organises a distal apical cell

and widens out to form a thalloid plant body with distinctive features

as compared with the typical heart-shaped prothallus. The neck of

the archegonium, which arises on the lower side, is tilted towards the

apical end of the prothallus. The first division of the zygote is by a wall



Fig. 35 bis. Embryogeny in Cardioinanes renifonne

A, Section across a marginal cushion, showing archegonia on both sides (x 120).

B L.s. of a two-celled embryo, the partition wall running obliquely in the plane at

right-angles to that illustrated. C, L.s. of a two-celled embryo showing an almost

vertical partition wall. D, L.s. of an anomalous embryo. E, Four-celled embryo m
l.s. (the arrow indicates the position of the archegonium neck). F, L.s. of an older

embryo, about the stage when the leaf initial cell can be distinguished (Figs. B-F,

X 220). G, Still older embryo showing initials of the first leaf and of the endogenous

root; the shoot apex, not seen in this section, would lie just to the left of the leaf

apex; note also the considerable foot ( x 175). H, Fully formed embryo showmg

the considerable foot and the shoot apex, leaf, root and incipient vascular tissue

(X 150). (All after Holloway; Figs. H and G have been inverted by the present

author.)
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in the axis of the archegonium and at right-angles to the axis of the

prothallus. The two daughter cells are not quite equal in size, a condi-

tion that appears to be general for leptosporangiate ferns. The further

embryonic development also appears to be in accord with that of other

leptosporangiate ferns. Matonia pectinata has long been of special

interest to morphologists because of the presence of a very distinctive

polycyclic solenostele in the adult rhizome. Stokey and Atkinson

found that in a quite young embryo there is a solid core of xylem at the

centre, the conducting tissue being well differentiated before the embryo

is large enough to burst through the enlarged venter or calyptra. In

this species, in short, there is apparently a precocious development

of vascular tissue. The vascular tissue is continuous from below

the apices of the shoot and the first leaf backwards to the first

root. Fig. 33m. In its general appearance and somewhat massive

construction, this embryo is not unlike that of Osumnda cinnamomea.

Fig. 33f.

Dryopteris fiUx-mas. The embryogeny of this classical species was

investigated by Hofmeister. More recently Becquerel (1931) has

followed the embryonic development by growing prothalh bearing

embryos in mineral culture solutions. Several archegonia on the same

prothallus may be fertilised and begin to develop embryos ('poly-

embryons') but usually all but one abort. However, it is not rare to

find two sporophytes on a single prothallus. Vladesco (1935) cultured

the prothalli of this fern on burnt soil and noted that the co-existence

of several embryos on the same prothallus had no effect in modifying

either the orientation or the sequence of the partition walls. He also

noted that in some cases the basal wall dividing the zygote was not so

much perpendicular to the prothallial axis but strongly inclined towards

the prothallial apex. The posterior segment appeared to be the larger

of the two segments. In this species, Hofmeister stated that the zygote

divided by a basal, a transverse and a median wall in that sequence.

Vladesco has corrected this statement and maintains that the second

wall is the median wall, as in most leptosporangiate ferns. Moreover,

in the posterior segment, the two quadrants may be of unequal size

—

evidence of biochemical heterogeneity or of unequal forces, e.g.

pressures, acting on different sides of the hemisphere. Vladesco has

also noted other irregularities in the division of the zygote. Whilst

still in the globular post-octant phase, the inception of the several

organs begins to be apparent. The first root occupies a median position

relative to the first leaf. The foot not only comprises the posterior-

superior quadrant, but also part of the anterior-superior quadrant.

The general organogenic development is comparable with that of

Gymnogramme, Fig. 34.
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Drvopteris parasitica is generally like D.filix-mas. Vladesco (1931)

has figured an interesting case of two embryos developing within the

same archegonium.

In Scolopemiriwn nilgare two or three sporophytes may be found

on vigorous individual prothalli (Vladesco, 1935). The zygote is

spherical but sometimes elongated along the axis of the prothallus.

The post-octant divisions in the epibasal segments are somewhat

different from those found in other leptosporangiate ferns. The partition

walls run from the basal wall to the curved outer surface, and no

'epibasal disc' is therefore formed, Fig. 34. In other Polypodiaceae,

such as Athvrium fHix-foetnina, Bleclmum orientale, Woodsia ilvensis,

etc., the details of the embryonic development are typically those of

leptosporangiate ferns (Vladesco, 1935). The same is true of such

Cyatheaceae, e.g. Alsophiki australis and Cibotium sp., as have been

investigated and of Ceratopteris thalictroides (Parkeriaceae).

In the heterosporous order, the Marsileaceae, comprising Marsilea

and Pilularia, the large oval megaspores undergo development on being

shed from the sporocarp. The apical region of the megaspore becomes

organised as a reduced prothallus with, usually, a single projecting,

short-necked archegonium, Fig. 36. After fertilisation, the embryonic

development takes place very quickly—in M. vestita the first wall

appears within one hour of fertilisation and the first leaf can be seen

within 24 hours—and is closely comparable with that of homosporous

leptosporangiate ferns. As the embryo develops, the cells of the

surrounding venter are stimulated to grow and divide by periclinal

walls, the enlarging venter thus forming a two-layered calyptra which

continues to ensheath the embryo until the formation of the root and

first leaf is well advanced. Campbell (1940) states that the limits of the

root and foot are not clearly defined and indicates the probability that

the whole embryonic region contiguous with the food resources in the

prothallus 'no doubt functions as a haustorium.' Thomson (1934) has

shown experimentally that the form of the haustorial foot can be

modified by excising the young embryo.

The first leaf in Pilularia and Marsilea^ is non-laminate or awl-

shaped, but the later-formed leaves of Marsilea are bifid and tetrafid

;

in Pilularia all the leaves are awl-shaped; in Regnellidium the adult

leaves are typically bifid. The further development of the embryo of

Marsilea under controlled conditions has been studied in some detail by

Allsopp (1951-1953).

In the other order of heterosporous ferns, the Salviniaceae, including

Salviuia and Azolla, the archegonium in the latter is formed in the

small prothallus which occupies the apical end of the megaspore. The

^ In some species of Marsilea the first leaf is somewhat spatulate.
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lower or inner portion of the megaspore is filled with food reserves.

On further grov/th the prothallus breaks through the spore membrane
and some chlorophyll develops. If the first archegonium in Azolla is

fertilised, no other archegonium is differentiated; otherwise several

others may be formed. In Salvinia the prothallus is large, with more

green tissue and more archegonia. The initial development of the

archegonium is as in the homosporous ferns, but at maturity the neck

is shorter.

In both genera the megaspores float with the prothallus and arche-

gonia directed upwards. In Azolla filiculoides the zygote elongates

vertically and its first division is usually by a transverse wall, i.e.

the basal wall is at right-angles to the neck of the archegonium.

Fig. 36g, h. More oblique divisions, however, have also been illustrated.

Fig. 36f. The next wall is at right angles to the first, the two epibasal

quadrants giving rise to the shoot apex and first leaf, and the two hypo-

basal ones to the foot and root. Fig. 36h, j. A 'two-sided' apical cell is

formed by the first division of the stem quadrant ; this cell persists in

the adult sporophyte. The leaf quadrant divides by a median wall, and

this, according to Campbell (1918), foreshadows the two lobes found

in older leaves. The first leaf, in fact, becomes a funnel-shaped sheath

within which lies the shoot apex. The first root is formed as in the

Polypodiaceae. The foot is a large organ and becomes elongated below

the root-base. The second leaf originates from the first segment of the

shoot apical cell, each successive segment forming a new leaf. Vascular

tissue can apparently not be distinguished until the second leaf has

grown considerably, the strands from the first and second leaves and

from the primary root being conjoined near the centre of the shoot,

Fig. 36j. No vascular tissue can be detected below the shoot meristem.

The embryogeny of Salvinia resembles that of Azolla but no roots are

formed. According to Yasui (1911) a root rudiment is present in the

early embryogeny but it does not develop further and becomes merged

with the tissues of the foot.

Although the segmentation pattern and organogenic developments

in Azolla and Salvinia are closely comparable with those in the Poly-

podiaceae, we may note that it is the two upper segments, next to the

archegonial neck, which give rise to the shoot apex and first leaf

respectively : in leptosporangiate ferns, the corresponding two segments

give rise to the first leaf and first root respectively. These facts suggest

that gravity may be one of the factors which affects the biochemical

pattern underlying the embryonic development.

Parthenogenetically formed embryos of Marsilea dnmvnondii are

strictly comparable with the normal embryo {see next Section).



Fig. 36. Embryogeny in heterosporous ferns

A, PUulaiia globiilifera. Archegoniuni in longitudinal median section containing

recently fertilised ovum; the archegoniuni (a) is shown in what is probably its

natural orientation. B-D, Marsilea vestita. Stages in the development of the em-

bryo, showing the differentiation of the shoot (,v), leaf (/), root (/•), and foot (/)

regions; p, prothallus. E, Pilnlaria globiilifera. Fully developed embryo in l.s.,

still attached to the prothallus and megaspore {in), and enclosed in the calyptra

{cal)\ vs, vascular strand; other lettering as before (semi-diagrammatic). F-J,

A:olla filiciiloides. F, Young embryo as seen in l.s. of archegonium; the first

partition wall, I-I, is obliquely vertical. G, H, Young embryos in l.s. in which the

first wall is transverse to the archegonial axis: in H, the epibasal segment is forming

the apices of the shoot and first leaf; the first root initial can be seen in one of the

hypobasal quadrants, as in homosporous leptosporangiate ferns. J, Well-developed

embryo in l.s., after it has broken through the prothallus; lettering as before (all

after Campbell). (A, x 300; B, C, x 525; D, x 260; E, x 75; F-H, x 350;

J, X 100.)
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APOGAMOUS DEVELOPMENTS

In many fern species the sporophyte may be formed from the

prothallus without the fertilisation of an ovum. The relevant literature

has been reviewed by Bower (1923, 1928, 1935), Smith (1938) and
Manton (1950). This phenomenon, known as apogamy, has relevance

to studies of embryogenesis. Apogamously produced sporophytes may
have their inception in a single cell or in a group of cells of the gameto-

phyte, in one or more cells adjacent to the base of the archegonium,

or in the ovum in an unopened archegonium (parthenogenesis). In the

cases of apogamy which have been critically examined cytologically, the

prothallial cells are already diploid. However, the apogamous sporo-

phyte originates, its organogenic development resembles that of a

normal embryo. This can be seen in Pteris cretica, in Nephrodium moUe,

or in MarsUea dnimmondii. In each instance the nutrition of the young
sporophyte is drawn from the cells of the prothallus. Thus, the young
sporophyte, whether produced apogamously or after normal fertilisa-

tion, manifests a specific organisation from an early stage. The tenta-

tive conclusion may therefore be drawn that the size and the relative

development of the organs are determined by genetical factors as the

general or pervasive underlying cause, and by the nutritional status of

the prothallus, environmental and other factors, as the proximate cause

—a view that is justified by such experimental studies as have so far

been undertaken.

Pellaea viridis is well known as a species which typically reproduces

apogamously (Steil, 1918; Vladesco, 1935). Antheridia and archegonia

are formed in the normal way on the heart-shaped prothallus. There

is evidence that the spermatozoids enter the archegonia and that normal

fertilisation occurs. An initial, normal zygotic segmentation has been

observed; the later segmentation is irregular and the embryo subse-

quently aborts. A sporophyte, however, is formed by the active cell

division of the prothallial cushion tissue in the vicinity of the archegonia.

Whether chemical stimuli from the latter promote the apogamous
growth is not known, but active meristematic activity, and later the

formation of tracheides, are closely associated with the archegonia.

The irregular divisions of the embryo are thought by Vladesco to be due

to the pressure of the actively meristematic, adjacent gametophyte tissue.

Steil (1939) has given a comprehensive review of apogamy, apospory

and parthenogenesis in the ferns. With regard to the apogamous
development of the young sporophyte, an early and usually unmis-

takeable indication is the appearance of tracheides just behind the

apical indentation of the prothallus. In different instances, various

morphological and histological developments take place close to the
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prothallus indentation, e.g. a tongue-like or cylindrical outgrowth may
appear, or a group of prolliallial cells may become pale in colour and
tracheides are dilTerentiated within. The very young apogamous
embryo, i.e. one in which the first leaf has not yet appeared, is typically

surrounded by multicellular hairs and sometimes by scales; it forms a

shoot, leaf and root but not a foot; but in all other respects it closely

resembles the embryo produced as a result of fertilisation. In short,

the development of an apogamous embryo is very much like that of a

sporophyte bud.

EXPERIMENTAL INVESTIGATIONS

Thus far the experimental investigation of leptosporangiate fern

embryos is not in any way commensurate with the importance of the

subject, but a beginning has been made. There are, of course, serious

technical difficulties but they should not be regarded as insuperable.

Experimental fern embryology, indeed, affords a challenging but

relatively unworked field, and seems likely to yield important results to

the investigator who can bring new ideas and new techniques to bear

on it.

The following aspects have been investigated by experimental

methods : (i) the effect of gravity, light and other physical factors on
the early segmentation and disposition of the embryo; (ii) the effect

of excising the embryo; (iii) the effect of nutritional factors; and (iv)

regeneration.

The Ejfect of Physical Factors. Sadebeck (1879) held the view that

the orientation of the first partition wall in the zygote was determined

by factors in the external environment, notably by gravity. In attempts

to ascertain the effect of gravity on embryonic development, Leitgeb

(1878) used the megaspores of Marsilea, which are large enough to be

picked up and placed in different positions, rotated on a kleinostat, and

so on. He showed that the first wall could be induced to occupy

different planes but these were always about the axis of the archegonium,

the wall being horizontally disposed. As a result the epibasal segment

was directed upwards. The first wall, however, could not be induced to

form in any plane other than that of the archegonial axis. Thus, while

gravity exercises some effect in this species, factors intrinsic to the

zygote-archegonium complex appear to be the master factors in the

embryonic development. Some of the earlier studies of this aspect have

recently been reviewed by Wetter (1952).

Several investigators have shown that the dorsiventrality of the

fern prothallus is essentially a light-induced effect and the same factor

apparently determines the position and orientation of the archegonium.

In experiments with Ceratopteris thalictroides, in which prothalli v/ith
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fertilised archegonia were variously orientated and rotated, Leitgeb

(1880) found that the positions of the basal wall and of the several

nascent organs were not altered. The action of light and of the sub-

strate was also ruled out; in short, external factors were apparently

not primarily involved. Heinricher (1888) illuminated the dorsiventral

prothalli of Ceratopteris firstly from above, so as to induce archegonia

on the lower or shaded side, and then from the lower side so that

archegonia were induced on the upper side. As Fig. 30e shows

diagrammatically, the leaf and root quadrants are directed upwards in

the left-hand archegonium, in which light and gravity are acting in

opposite directions, and downwards in the right-hand archegonium

where the directions of light and gravity coincide. In both archegonia

the root and leaf quadrants are adjacent to the neck; also, in both, the

epibasal segment, which comprises the shoot and leaf quadrants, is

directed towards the apex of the prothallus. These experimental results

seem to show that external factors such as light and gravity have little

or no effect on the differentiation of the embryo. Wetter (1952)

considers that this finding for Ceratopteris probably holds good for all

leptosporangiate ferns. All the attendant circumstances support the

conclusion, with which the present writer is in accord, that the polarity

of the zygote is determined by gradients in the parent prothallial tissue,

the position of the first nuclear spindle and of the basal wall being

evidence of that polarity and not the cause of it (A. Lang, 1949;

Wetter, 1952). It is not impossible that auxin or some other growth-

regulating substance, formed at the prothallus apex and moving

basipetally, as demonstrated by Albaum (1938), is the primary deter-

miner of polarity. Ahernatively, both acropetal and basipetal metabolic

gradients in the prothallus may determine not only polarity, but also

the biochemical pattern in the egg or in the zygote. Wetter calls atten-

tion to the fact that the orientation of apogamous sporophytes is

essentially the same as that of the normal embryo.

The Effect of Excising the Embryo. Ward (1950) has shown by the

use of a surgical technique that the embryonic development of PoJy-

podium aureum can be modified. By incising the prothallial tissue close

to a fertilised archegonium, he effected the partial release of the young

embryo. This embryo outgrew the calyptra much earlier than did a

normal embryo of comparable size. The treated embryo developed as

a slow-growing embryonic mass, at first lacking appendages and with-

out definite shape, but later it differentiated a stem and leaf as in the

normal embryogeny. There was, however, no root development. The

extreme effect observed in these released embryos was the production

of an enlarged slow-growing tuberous mass of parenchymatous tissue

of indefinite form and lacking vascular tissue. Several such masses
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eventually gave rise to three plants with apparently normal stems and

leaves. Other curious developments were also noted. Embryos
isolated from the apex of the prothallus were notably slow in develop-

ment as compared with those isolated in other ways, this being

attributed to the interruption of the basipetal auxin gradient. Ward
considers that the morphological developments which ensued upon the

artificial release of the young embryo from the restraint of the prothallial

tissue indicate that formative effects are normally exerted on the

developing embryo by the archegonium and derived calyptra.

As already mentioned, Thomson (1934) showed that when young
embryos of Marsilea were excised and grown in culture solution changes

could be observed in the shape of the foot.

The Segmentation Pattern. The regular system of cell cleavages has

been attributed by various investigators to the changing energy

relationships in enlarging cells and to the action of surface forces. So

far as the writer is aware, these ideas have not been tested experimentally

in the ferns.

Nutritional Factors and Embryonic Developments. Practically

nothing is known of the efifect of nutritional factors on the early

embryonic development in leptosporangiate ferns: the relationship

between the zygote and the adjacent cells of the prothallus is evidently

a very intimate one.

Klebs (1916) showed that the morphology of the prothallus can be

varied according to the composition of the culture solution and the

incidence of the factors of light and temperature (for a review of this

aspect, see Williams, 1938). Becquerel (1931) tried to use the method
of pure culture of prothalli in mineral solutions to study the early

embryogeny. Vladesco (1935) used similar methods and found that

in Gymnogramme sulphurea the first divisions of the zygote were closely

comparable whether the prothallus bearing it was growing on moist

burnt soil, floating on a culture solution, or submerged in it. In some
submerged embryos, the epibasal segment appeared to be larger than

the hypobasal segment, this being a reversal of the usual condition in

leptosporangiate ferns. Moreover, whereas the subsequent divisions

took place normally in the epibasal segment, development was dela3'ed

in the hypobasal segment and the orientation of the partition walls was
atypical. These observations would appear to indicate that the bio-

chemical pattern of the zygote had been somewhat modified by its

development under submerged conditions (probably diminished supply

of oxygen and light intensity). Vladesco also records that a root initial

was very rarely differentiated in submerged embryos, the plantling

being rootless or with a small abortive root. By contrast, it was rare

to find that a root failed to develop, or became abortive, in prothalli
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growing on the surface of the cukure liquid. These latter sporophytes

were closely comparable with those produced on burnt soil, except that

the first leaf was of smaller size and simpler form; the succeeding

leaves were also reduced and they had no attendant roots, i.e. plantlings

with several leaves had but a single root. In submerged plantlings the

first leaf gave rise to aposporous prothalli, while the second leaf

developed into an indefinite organ, intermediate in character between

a leaf and a prothallus. When such plantlings were placed on moist soil,

the shoot apex renewed its normal activity and new leaf and root

primordia were formed. When zygotes of Dryopteris parasitica were

cultured in solutions under various conditions, and in various positions,

the orientation of the embryo in the archegonium was not altered

(Vladesco, 1935). Plants grown on cotton wool, kept continuously

moist with culture solution, developed one root for each leaf: prothalli

floating at the surface of the same solution, on the other hand, bore

embryos which developed very slowly, were of smaller stature, and

showed a diminution in the number of roots : and submerged plantlings

were still more reduced. Submerged plantlings of this species, however,

yielded no aposporous prothalli. In Ceratopteris thalictroides, an

aquatic species, the plantlings produced on floating prothalU were

almost as vigorous as those obtained on moist soil, but there was some

reduction in size in those which developed fully submerged. In all these

cultures of Ceratopteris, leaf formation was accompanied by root

formation—exemplifying the phyllorhize condition in its classic form.

Some interesting correlations between the supply of nutrients,

including sugars, nitrogen-containing compounds, vitamins, growth-

regulating substances, etc., and morphogenesis in older embryos, have

been established by Allsopp (1950, 1951, 1952, 1953) and Wetmore

(1950, 1951).

In Marsilea the first leaf is small, non-laminate and awl-shaped,

but those subsequently formed show a progressive increase in size and

form bifid and tetrafid laminae. This kind of observation has been

regarded as supporting the theory of recapitulation. Goebel (1908)

pointed out that the primordia of the young fern sporophyte and of the

adult plant are essentially alike, and that the size and complexity of the

fully developed leaf are the direct result of the nutritional status of the

subtending apex. This view is now supported by a considerable body

of evidence (Wetmore and Wardlaw, 1951; Wardlaw, 1952). By

growing young embryos of Marsilea dnimmondii and other species in

sterile media, using the methods of tissue culture, Aflsopp (1951, 1952,

1953) has shown that the rate of growth of the embryo, and the size and

complexity of its leaves, are primarily determined by the supply of

nutrients. By varying the concentration of sugar, it is possible to
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maintain embryos so that tiiey produce a succession ot^ the awl-shaped

leaves, or of bifid leaves, or they can be induced to form the large

tetrafid leaves precociously. Also, plants which have been forming

normal tetrafid leaves can be made to produce awl-shaped leaves by

appropriate changes in the composition of the culture medium. Closely

comparable results have been obtained with Adiaiitum (Wetmore,

1950; Wetmore and Wardlaw, 1951). Various departures from the

normal development of the leaves and roots of Marsileci can also be

induced by the addition of certain growth-regulating substances to the

culture media.

Regeneration. Goebel (1908) showed that if the first leaf of the

sporophyte of various ferns is cut off and placed on moist soil, it may
either yield an aposporous prothallus, or a bud, or a formation of

intermediate or indeterminate character. Relevant data for various

fern species are cited by Vladesco (1935). Goebel advanced the view that

the kind of regeneration obtained is determined by nutritional factors.

Beyerle (1932) held that only when the first leaves of some species were

excised could they be induced to form buds or prothalli. The regenera-

tions originate from epidermal cells and may arise at various points;

the smaller the leaf, the more will it tend to yield a prothallus rather

than a bud. Also, external conditions do not, apparently, modify the

nature of the regeneration.

In studies of regeneration, Vladesco (1935) used young sporophytes

of Gynmogramme sidphurea and found : (i) that isolated first or second

leaves, excised a little above their junction with the shoot, and placed

on moist soil, did not form buds
;

(ii) that a phyllorhize (i.e. a leaf and

its attached root) without attached stem tissue, when planted in moist

soil, also failed to yield buds
;

(iii) that a very young first leaf, excised

so that the shoot apex remained attached to it, yielded an almost

normal plantling; the root formed in conjunction with the second leaf

anchoring the plant to the soil
;

(iv) that the removal of the first root

did not greatly affect the subsequent development of the embryo, an

unusually robust second root being formed precociously; (v) that the

removal of the first leaf led to a reduction in the size and to a simplifica-

tion of the second leaf, and to a suppression of the second root; (vi)

that the removal of the first leaf and first root was followed by the

formation of the second leaf and its root, both being somewhat reduced;

(vii) that when the shoot apex was excised, about the level of the anterior

region of the foot, there was regeneration at the cut surface of both foot

and vascular strand, the organisation of one or more new meristems,

and the subsequent development of one or more buds and small

plantlings. When very young embryos, still without vascular develop-

ment, were cut so as to remove the apical portion, the root primordium
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continued to develop whilst the cut surface developed several ill-

defined meristematic outgrowths: some of these became inhibited or

abortive, but two or three of them became organised as buds, each with

a leaf, the vascular strand of which extended to the primary root. In

some cases a single bud became predominant. Excellent regeneration

was obtained with very young embryos of Cibotium sp.

Young Sporophytes and Induced Buds. The young sporophyte of

leptosporangiate ferns is typically protostelic, i.e. with a solid xylem

core surrounded by phloem and pericycle. During the ontogenetic

obconical enlargement of the shoot, the stele enlarges, becomes

medullated, then solenostelic, with characteristic leaf-gaps in the

cylindrical vascular column, and eventually dictyostelic or meshlike,

as new leaves are formed in close phyllotactic sequence on the shoot.

In lateral shoots, which are either formed normally or can be induced,

the progressive stelar elaboration is closely comparable with that of the

developing sporophyte (Wardlaw, 1943 etc.; 1952). This is especially

true of the small lateral shoots formed from bud rudiments, or detached

meristems (Wardlaw, 1943), in old, mature regions of the shoot: the

base of the lateral shoot is typically protostelic, and the first leaves are

small and simple with a transition of more elaborate adult leaves as the

shoot increases in size. On the other hand, when lateral buds are

induced to develop close to the large shoot apex in Dryopteris aristata, they

are of large size and solenostelic from the outset and have leaves which,

though still small, have some of the elaborate pinnation characteristic

of adult leaves. In short, as in the nutritional experiments with embryos

of Marsilea, the morphology and anatomy of natural or induced buds

reflect the nutritional status of the tissue region from which they are

formed. A considerable body of experimental evidence supports this

conclusion. Such findings impose caution on the application of the

theory of recapitulation to plants {see also Chapter XVI).

GENERAL DISCUSSION OF FERN EMBRYOGENY

Zygote and Embryo Organisation. Woodger (1945) has emphasised

the need for a theory of zygote structure to explain embryological

data. This theory would include concepts relating to cytoplasmic

organisation. In his view, the early stages in embryo development are

to be explained in terms of the production and mutual interaction of

parts
—

'of cell parts in the first instance, of cells and cellular parts later.'

A study of zygote development in ferns suggests the existence of

biochemical pattern in the zygote and at the two-celled and quadrant

stages. By inference, a heterogeneous distribution of metabolites

may already have taken place in the egg before fertilisation. While

the cells surrounding the venter may be closely comparable in their
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metabolism, they are probably not identical. A basipetal auxin
gradient within the prothallial tissue has been demonstrated (Albaum,
1938), and there may be acropetal gradients of carbohydrates and other

metabolites having their source in the older region of the prothallus.

Thus there may be physiological difTerences on opposite sides of the

ovum. These may be small but they may be none the less important.

They may account for the fact that the embryonic axis is typically

aligned on the axis of the prothallus, the epibasal segment being

invariably towards the prothallus apex. A conception of this kind may
provide a working hypothesis relating to the cytoplasmic organisation

of the ovum and zygote and to the subsequent cleavage pattern and
organogenic development. A hypothesis along these lines would also

be in general accord with contemporary biochemical conceptions of

morphogenesis, i.e. that different specific substances, or different con-

centrations of them, may be involved in the inception of the different

organs. The need for concepts which will relate embryonic develop-

ment and metabolism becomes evident when we contemplate the

organisation of the post-octant embryo, in particular the positions of

the primary organs relative to the archegonium and the prothallus.

Our knowledge of the ontogenetic growth pattern is almost entirely

based on the 'stages of development' as ascertained in anatomical

studies. These 'stages' are distinctive for the species and they occur

with great fidelity in the normal development. In the ferns, each octant

undergoes several divisions and the embryo becomes a spherical mass
of histologically similar meristematic cells. Yet, at this early stage, the

main pattern of development, or organisation, has already been

established: the shoot apex, the first leaf, the first root, and the foot

have been determined, and the orderly development of the sporophyte

has begun. In short, it would appear that in the post-octant embryo
there is a patternised distribution of metabolites, different morpho-
genetic substances, or different concentrations of the same substances,

being present in each of the quadrants. As an over-simplification, we
might perhaps say that a 'leaf-forming substance' has accumulated in

the leaf quadrant, a 'root-forming substance' in the root quadrant, and

so on. But however we may describe these events, the ultimate problem

is to explain how the characteristic patternised distribution of metabolites

is brought about in an initially homogeneous system {see Chapter III).

In a fern embryo entering on the post-octant phase of development,

the basic pattern might be modified in various ways, e.g. by changes in

the gene-controlled metabohsm, the cells both of the embryo and of the

prothallus being affected, or by environmental factors. Thus mycor-

rhizic nutrition of the prothallus may not only modify the nutrition of

the embryo in a general way: it may affect one quadrant more than
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another and lead to its precocious development, or to its delayed or

inhibited development. This, indeed, is what seems to happen in fern

and lycopod species with saprophytic prothalli.

In the normal development, as in the embryogeny of Dryopteris,

Onoclea or Adiantwu, the primary organs, shoot, leaf and root, are

formed almost simultaneously and grow in a mutually regulated or

harmonious manner; and in all the subsequent growth and organo-

genesis, including the sustained growth of the adult over many years,

this developmental harmony is apparent, i.e. a specific pattern of

development is maintained throughout. The embryonic developments,

in fact, lead on naturally and conformably to those that follow. But,

in that the adult fern plant is a considerably more complex structure

than the embryo, it may be inferred that in the ontogenetic development

there is a continuous elaboration of the underlying biochemical pattern.

The Embryo a Spindle or Filament. In all fern embryos polarity is

determined at the outset. In species with a suspensor, the young

embryo typically undergoes some elongation and is filamentous in

character. Where no suspensor is present, the zygote becomes an

enlarging sphere, or spheroidal body, dividing successively into hemi-

spheres, quadrants and octants. In species with a suspensor, the distal

embryonic cell develops in an essentially similar manner. From a

general survey of plant embryos, especially those of Bryophyta and

Pteridophyta, Bower concluded that all were initially more or less

spindle-like and were 'based on the uUimate type of a transversely

septate filament' (1923). In his view, the two-celled stage of the lepto-

sporangiate fern embryo could be regarded as a filamentous stage, this

reflecting a primitive ancestral state. While there may be substance in

such a view, we should, perhaps, be chary of accepting it out of hand.

The shape of a growing zygote depends on allometric growth, i.e. on

the relative growth development in diff'erent directions. If it grows

rapidly along one axis only, a spindle, or filament, will necessarily

resuU, and this will normally tend to divide by transverse walls. If its

rate of growth is equal along all three axes it will become spherical;

and equatorial, quadrant and octant divisions are likely to follow.

Until more is known of the nature of the reaction systems that yield the

different distributions of growth, views as to the relative evolutionary

status of filamentous and spherical embryos must necessarily remain

speculative. Nevertheless, it is a fact that the most filamentous and

alga-like fern embryos, i.e. those with a suspensor, belong to euspor-

angiate species which on other grounds are held to be of ancient and

primitive stock. As Bower has pointed out, no leptosporangiate fern

is known to have a suspensor and there is no evidence of the formation

of that organ de novo. The Ophioglossaceae and Marattiaceae aff"ord
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evidence that the suspcnsor is an organ which, in difTerent fern groups,
may have been lost or eliminated in the course of descent. We should
note, however, that a suspensor is consistently present in the seed plants.

Gametophytc ami Sporop/ivte. Considerations of the embryogeny
prompt a reference to similarities and differences in the development of
the gametophyte. Each of the alternating generations begins from a
single cell and affords evidence of polarity from the outset; in each
there is an orderly segmentation pattern, a distal apical meristem, or
growing point, being organised at an early stage. In the gametophyte,
however, the 'continued embryogeny' and physiological dominance of
the apical cell group are usually not retained as they are inthesporophyte.
The very different developments of the gametophyte and sporophyte
must be attributed to intrinsic differences. Yet it is not simply a question

of chromosome number: a diploid prothallus still has the characteristic

gametophyte morphology. Ultimately, as it seems, there must be some
over-riding metabolic difference, or difference in the biochemical
constitution or organisation, of the zygote as compared with the spore.

Any satisfying biochemical theory of organismal pattern must be able

to account for the very different developments of the gametophyte and
the sporophyte.

Segmentation Pattern and Organogeny. In any general discussion of
embryonic development in ferns, the distinctive segmentation pattern,

especially during the early stages, naturally attracts attention, the more
so as the several primary organs can be related to the segmentation at

the octant stage. This indeed, led the earlier embryologists to postulate

a direct causal relationship between segmentation and organ formation

;

or, as Goebel (1918, p. 978) called it, a kind of 'mosaic-theory' of plant

embryogeny. In a critical analysis of this conception and its origins,

Bower (1923, p. 300) has pointed out that 'instead of accepting a general

embryology as based on cell cleavages, it would be more natural to

regard the embryo as a living whole; to hold that it is liable to be

segmented according to certain rules at present little understood : that

its parts are initiated according to principles also as yet only dimly
grasped: and that there may be, and sometimes is, coincidence between
the cleavages and the origin of the parts, but the two processes do not

stand in any obligatory relation one to the other.' That the developing

zygote should be envisaged as a whole seems indisputable. Its specific,

gene-determined reaction system, and the incident biophysical and
environmental factors, are responsible for the distribution of growth
and therefore for both the segmentation pattern and the pattern of
organ formation. These two phenomena will be broadly, and some-
times closely, coincident. As to the relative positions of the primary
organs, the foot may be inconstant in position, This led Bower (1923)
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to the view that it is an organ which is formed 'only where it is required

for the first stages of development and nutrition of the embryo.'

Goebel (1898, 1905) had already stated (i) that the relative positions of

the primary organs (shoot, leaf, root and foot or haustorium) are not

the same in all vascular plants, (ii) that external factors do not determine

the early embryonic developments, (iii) that the arrangement of parts

is due to internal factors, and (iv) that the positions of the primary

organs are such as to be the most appropriate for their function. The

essentially organographic view expressed in (iv) was not fully acceptable

to Bower: he considered that embryos do not show the plasticity

implied in GoebeFs statement. In the development of all pteridophyte

embryos (and indeed of all plant embryos). Bower regarded the

formation of a polarised filament, spindle or axial body, as the pre-

vailing and presumably obligatory initial condition—a development

'based on the ukimate type of a transversely septate filament' (1923,

p. 301). He did not consider that all the developments observed in

fern and lycopod embryos are such as to be 'the most beneficial for

their function' : on the contrary he held that some of them, e.g. the

formation of a suspensor, reflect a somewhat unprogressive hereditary

constitution and impose more or less severe handicaps on the young

sporophyte. The reality of the alleged disadvantages may be question-

able. Such conceptions are difficult to test scientifically and it will

probably remain largely a matter of opinion whether or not a suspensor

is a drawback to the developing embryo. Its presence in the embryo of

seed plants suggests that if it does not possess functional importance,

it is at least not detrimental.

The Suspensor. When the morphologist asserts that the suspensor

is a primitive organ found in some modern survivors of ancient stocks,

it may well be that he has seized upon a truth. It is a genetical character

which happens to become manifest in the early embryogeny and in the

determination of which only a few genes may be specially involved. The

genie action which leads to the formation of the suspensor may possibly

be seen in those differential protoplasmic changes which occur in the

elongating zygote. Even if we accept the view that physical factors

determine the way in which a zygote divides, the metabolic material

which generates some of the forces, and on which forces must work, is

a specific protoplasm in a specific prothallial matrix.

Comparison of Embryogeny within the Filicineae. If we accept the

view that the ferns are a varied but essentially coherent group—

a

'brush' of phyletic lines originating in a common ancestral group, as

Bower described them—it is cogent to consider what community or

diversity of organisation they show in their embryogeny. Already we
have seen that both in Lycopodium and Selaginella there may be
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considerable variation in the embryonic development from species to

species, in the Filicineae, in which there are not merely generic but also

familial, ordinal and sub-class dilTerences, a still wider embryonic

diversity might well be expected. To some extent this expectation is

realised. There are, indeed, difterences between eusporangiate and
leptosporangiatc embryos; and within some families, and sometimes

even genera, such difterences as the presence or absence of a suspensor

are found. Other dilTerences, such as the size and position of the foot

and the tardy organisation of the shoot apex, are of the kind already

encountered in Lycopodiwu. The extent of the vascular development

below the shoot apex also differs in different genera. No vascular tissue

is formed below the shoot apex in the embryo of the Marattiaceae and

Ophioglossaceae. In Matonia pectinata, on the other hand, a strong

and precocious vascular development can be discerned while the embryo
is still within its calyptra (Stokey and Atkinson, 1952). Of the two

groups of heterosporous ferns, both of which show specialisation in

their spore-producing members, the Marsileaceae have an embryogeny

which is essentially the same as that of leptosporangiatc ferns, whereas

the Salviniaceae have an exoscopic embryogeny. The Salviniaceae,

however, are highly modified in several respects.

In general, the embryological data support the phyletic seriation

based on the morphology of the adult plant. Furthermore, as the

data of this and the preceding Chapter show, all fern embryos have

much in common in the major aspects of their organogenic development

and organisation.

Comparison with Other Pteridophytes. In view of modern trends in

taxonomy, a comparison of ferns with other pteridophytes should be

deferred until the data for all the classes of vascular plants have been

reviewed. Some points of comparison with other pteridophytes may,

however, be considered at this point.

An evident matter for consideration is the orientation of the embryo

relative to the archegonium. Equisetum, Psilotum, Isoetes, Ophio-

glossimi, Botrychium, Azolla and Salvinia, are all characterised by

exoscopic embryogeny. In Lycopodium, Selaginel/a, Botrychium obli-

quum, Helmimhostachys, Dauaea and Macroglossum the embryogeny is

endoscopic. In Marattia and some related genera, in which the arche-

gonia are formed on the lower side of the flat prothallus, the embryo is

endoscopic but has no suspensor. In leptosporangiatc ferns, the embryo

is neither exoscopic nor endoscopic: it is lateral, i.e. its axis is at right-

angles to that of the archegonium. The orientation and initial segmenta-

tion of the zygote appear to be primarily determined by inherent or

intra-prothallial factors, but the magnitude of these factors, and their

true significance in the embryonic development, have yet to be assessed.
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In lycopods, SeJagiiieUas, Equiseta and ferns, a leaf is usually formed

early in the embryogeny, though in some instances it may be delayed;

there may also be a delay in the organisation of the shoot apex. These

parallel cases of delay in organ formation appear to be referable to

similar nutritional relationships between embryo and prothallus. No
doubt they have a genetical basis, Psilotum and Tmesipteris are unique

among pteridophytes in that no leaf or root is formed during the

embryogeny, though older plants of Tmesipteris form scale-leaves and
then vasculated leaves. Whether Psilotum is a leafless and rootless

plant ab initio, or whether these organs were once present in the race

and have been eliminated during descent, is not definitely known,

though the balance of evidence has been considered by many morpho-
logists to support the former view. In the highly modified, aquatic,

heterosporous fern genus Salvinia, a rudimentary root is said to be

discernible in the early embryogeny but becomes merged in the

parenchymatous foot as the embryonic development proceeds.

The Filicineae differ from all the other classes of Pteridophyta in

their possession of large or megaphyllous leaves, in contrast to the small

or microphyllous leaves of lycopods, Selaginellas, and horsetails. If

only the early embryogeny were considered, however, it is doubtful if

this distinction could be maintained: in respect of their origin and
positional relationship to the shoot apex, the first leaves of micro-

phyllous and megaphyllous types are not unlike. As the sporophyte

enlarges, however, and forms its second, third, and fourth leaves, the

difference between the two foliar types becomes very conspicuous.

Some observers consider that there is a fundamental difference between

the megaphyll and the microphyll (Bower 1935; Hamshaw Thomas,

1932), i.e. that they are not, or are probably not, truly homologous
organs. The present writer does not subscribe to this view. It is true

that megaphyllous species have a capacity for leaf-growth that is not

shared by microphyllous species; but in all the basic organogenic

relationships—formation near the basiscopic margin of the apical

meristem, dorsiventrality, vascularisation and phyllotaxis—there is no
fundamental difference between megaphylls and microphylls : they are

alike in being lateral foliar members, formed at the shoot apex.

From this discussion, no clear view emerges as to the relationship

between the ferns and other pteridophytes. That their patterns of

embryonic development show many similarities is evident, but whether

these similarities are due to community of origin, or whether they are

to be regarded as parallelisms of development, cannot be decided on
the evidence thus far available. From the embryological data it appears

that megaphyllous and microphyllous groups, though quite distinct, do
not necessarily exemplify fundamentally different kinds of organisation.



Chapter XI

EMBRYOGENESIS IN GYMNOSPERMS:
CYCADALES AND GINKGOALES

GENERAL INTRODUCTION

IN the evolution of plants, the gymnosperms occupy a unique position

between the still amphibious pteridophytes and the flowering plants.

The gymnosperms are seed plants and include members of great

antiquity. In their organisation they exhibit characters which remind

us of their archegoniate or pteridophyte ancestors, on the one hand, and

of the more highly evolved flowering plants, on the other. In the

gymnosperms, we shall be concerned with the development of embryos

borne within seeds and nourished by the parent sporophytic plant;

we shall also have to survey a considerable and varied assemblage of

species of which the systematic and phylogenetic relationships are by

no means clear. That the Gymnospermae is a class of Pteropsida (or

Filicopsida) is generally accepted by contemporary systematists ; but

the origins of the class are still obscure and uncertain. Some taxono-

mists, indeed, have suggested an origin from Lycopsida. At the other

end of the scale a not dissimilar difficulty presents itself: there is no

clear and generally accepted view as to how the angiosperms may have

originated from gymnospermous ancestors, if that indeed was the

evolutionary sequence. It is against this general background that this

survey of embryogenesis in different gymnosperm orders, families and

genera has been undertaken.

Contemplation of the facts of reproduction in a gymnosperm such

as Piims, in a lycopod such as Selaginella, and in a heterosporous fern

like Marsilea, suggests that the gymnosperms may have originated from

some early pteridophyte stock, or still more ancient proto-pteridophyte

stock. In their somatic organisation and their reproduction, however,

the gymnosperms have made important advances : they are true seed

plants, adapted to a land habitat, widely distributed, and in some

regions constituting the predominant vegetation. Considerable and,

thus far, unbridged phyletic gaps separate the gymnosperms from the

pteridophytes on the one hand, and from the angiosperms on the other.

Nevertheless, comparison with these groups seems natural. The

essential features in the life cycle are common to them all. In the

assumed evolutionary sequence from pteridophyte to gymnosperm to

171
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angiosperm, there is a progressive reduction in the development of the

female gametophyte, a loss of motiUty in the male gamete, and

elaboration in the retention, nourishment and protection of the embryo

on the sporophyte plant and in the maturing of resistant, encapsulated

germs.

The main homologies relating to the embryonic development may
be briefly indicated at this point. The megasporangium of Marsilea or

SeJagiuella corresponds to the nucellus of Pinus, the protective integu-

ment in Pinus being a new development not found in pteridophytes.

The nucellus and its integument constitute the ovule which is borne on

the upper side of a fleshy scale. In the nucellus of Pinus, as in the

pteridophyte megasporangium, meiosis takes place : the four cells with

haploid nuclei form a linear series, of which only the innermost

develops. It corresponds to the single megaspore in a pteridophyte and

becomes transformed into the embryo sac. But whereas the thick-

walled pteridophyte megaspore is usually shed at maturity, or soon

after, by a rupture of the sporangial wall, the megaspore in Pinus is

retained on the parent plant. As Bower (1948) has said, all these facts

'point to the conclusion that the thin-walled embryo-sac of Pinus is a

retained megaspore, and that we see in it a derivative state which has

been universally adopted by seed-plants.' The retention of the mega-

spore in the ovule gives it the biological advantage of continued

nutrition. Just as the pteridophyte megaspore, e.g. that of Se/aginella

or Marsilea produces a prothallus, or female gametophyte, with

archegonia at the apical end (or proximal face), so also in Pinus the

megaspore or embryo-sac enlarges, its nucleus undergoes many
divisions and a cellular prothallus (the so-called endosperm) is formed.

Three to six archegonia become differentiated in this prothallus, the

necks of the archegonia being directed towards the base of the scale,

i.e. towards the axis of the cone. In a majority of living gymnosperms,

fertilisation of the ovum within the archegonium takes place by a non-

motile male gamete, or male nucleus, which is conveyed to the neck of

the archegonium by means of a penetrating pollen-tube. In the

Cycadales and Ginkgoales, however, the germinating pollen grains, i.e.

microspores, develop tubes, but the male gametes still have the

organisation of large motile spermatozoids. These are two in number
in Ginkgo, Zamia and Cycas, but they are numerous in Micwcycas.

The young embryo grows downwards through the base of the arche-

gonium into the prothallus (or 'endosperm') so that the embryo in the

mature seed is embedded in nutritive tissue. Thus, in Pinus, as com-
pared with heterosporous pteridophytes, the only new structure in the

reproductive mechanism is the integument in the ovule, all the other

features, as Bower has said, being 'modifications in accordance with



Fig. 37. Embryogeny in Piniis

A-E, P. lambertiana. A, First division office nuclei. B, Three-tiered proembryo.

C, Four-tiered proembryo. D, Two of the four primary embryos have delimited the

primary suspensor initials. E, Primary embryos delimiting third segments. F-J,

P. ponderosa. F-J, Four successive stages in the development of the young embryo.

K, P. nigra. Older embryo, with apical cell. L, P. radlata. Median l.s. of mature

embryo. (A-E, x 160; F-J, x 120; K, x 95; redrawn from Johansen.)
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life on land, of parts already present. . . . The biological probability

of the several steps disclosed by this comparison is such as to justify

their acceptance as evolutionary history.'^ In a later Chapter we shall

have occasion to consider the homologies that exist between the embryo-

sac in flowering plants and that in the gymnosperms. Lastly, it may be

noted that, in tiie gymnosperms, several archegonia may be fertilised,

and that polyembryony, a feature already noted in some pteridophytes,

is of very general occurrence.

In passing it may be noted that some investigators have stressed

that heterospory is not a necessary postulate in a theory of origin of

seed habit but rather heterothally (Thomson, 1927; Doyle, 1953).

Doyle, indeed, suggests that the terms androspore and gynospore should

be used instead of microspore and megaspore. There is increasing

palaeontological evidence, however, of the incidence of heterospory in

ancient pteridophytes.

Outline of Embryogenesis in Pinus. The details of embryogenesis in

different gymnosperm groups are variable; they may also be somewhat

complicated. In Pinus, to give a preliminary and simplified indication

of development in one type, the zygote nucleus within the archegonium

divides at once, and then again. The four nuclei so formed move to

the basal end of the archegonium and lie in a single plane. Fig. 37.

Further nuclear divisions follow so that four tiers of four nuclei are

formed, each nucleus being subsequently separated from its neighbours

by thin cell walls. The basal cells, i.e. those lying at the base of the

archegonium, are the embryonic cells; the cells of the adjacent tier

elongate to form the suspensor, or suspensors. In Pinus and some

related genera, this cell complex at the base of the archegonium may
cohere to form one single large embryo, or each linear series of cells

may separate, with the result that four separate embryos are formed

side by side. Although at first several embryos may be present, sooner

or later one embryo in each ovule secures the ascendancy and the others

become inhibited and absorbed. The enlarging embryo is thrust by its

suspensor down into the prothallial tissue and there it matures into

a germ with an apical growing point, numerous cotyledons, a hypocotyl

and a massive root. The prothallus, which persists and functions as a

nutritive 'endosperm,' enlarges and crushes the nucellus against the

hardening integument which becomes the seed coat. (For a fuller

account of the Pinaceae, see p. 190.)

Classification. The taxonomic and phylogenetic seriation of the

gymnosperms is difficult and many important problems still await

solution. The evidence suggests that the gymnosperms originated in

ancient pteridophyte ancestors as two main lines of descent, the

^ The pollen tube is, of course, also very significant in the evolution of seed plants.
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Cycadophytes and the Coniferophytes. For these groups Sahni (1921)

introduced the terms Phyllospermae and Stachyospermae respectively.

CYCADOPHYTES
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Stimulus from the pollen or pollen tube being involved should, perhaps,

also be considered. In Cycas, for example, the pollen has already been

received while the female gametophyte is still in the free nuclear stage.

This late differentiation of the female gametophyte is very general in

gymnosperms. In some genera, e.g. Microcycas the archegonium

initials may occur round the sides and even near the base of the

prothallus, but only those at the micropylar end become fully developed

and functional (Reynolds, 1924). The ventral cell of the developing

archegonium, almost all of which will become the ovum on maturation,

enlarges rapidly, and becomes highly vacuolated. This would indicate

the abundant presence of substances which increase osmotic pressure.

A rapid inward movement of protein-forming substances then follows

and a protoplasmic reticulum, with a centripetal gradient of small to

large vacuoles, is formed. Meanwhile, the nucleus, which has also

enlarged, divides, the daughter nuclei becoming the ovum nucleus and

the ventral canal nucleus. The latter soon becomes disorganised. It

has, however, occasionally been observed to enlarge like the egg nucleus

and it may, in some instances, function as a male gamete, fusing with

the egg nucleus (Sedgwick, 1924; Chamberlain, 1935). The archegonial

neck in gymnosperms is very small, and, by comparison with that in

bryophytes would be regarded by morphologists as being very much
reduced.

As the ovum enlarges, it becomes surrounded by a tapetal-like layer

of cells known as the archegonial jacket. As this jacket becomes more
highly differentiated, the egg-membrane in contact with it becomes

progressively more thick and tough, so resistant indeed that it remains

firmly attached to the suspensor in maturing seeds. During its early

development the egg-membrane in Cycas has numerous large pits, each

covered by a thin membrane. These tend to be thrust by the turgid

protoplasm of the egg into the adjacent jacket cells as haustorium-like

processes. As the maturing egg becomes more turgid, these processes

are protruded still further into the jacket cells, the separating lamellae

and walls are broken down, and direct contact is established between

the egg protoplasm and that in the jacket cells. At this stage the cells

of the prothallus are densely packed with starch, protein and probably

other reserve materials. These are the materials which are being

actively drawn upon by the ovum through its peripheral haustoria.

According to Chamberlain : 'The turgidity of the female gametophyte

(in the cycads), and later, the turgidity of the central cell, and, still

later, the egg cell, is extreme,' and he adds that if small cuts are made
in the prothallus near the egg membrane, 'the liquid contents of the

egg will spurt out, sometimes to a distance of 20 cm.' This is indeed a

remarkable physiological situation, quite unmatched in any of the
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lower groups. In these observations, something of the biological

significance of the seed habit, especially in its nutritional aspects, begins

to be apparent: the ovum, and the germ formed from it, have a nutri-

tional endowment that is quite unequalled in any pteridophyte, where

the young embryo is dependent on the slender resources of an insignifi-

cant prothallus. This, of course, is a general observation; it is intended

to emphasise a particular aspect but it requires some qualification. As
we shall see in later chapters, there are many angiosperms in which the

seed is very small and its contained germ ill-developed.

On the completion of the mitosis which gives rise to the egg nucleus

and the ventral canal nucleus, and with the dissolution of the latter,

the ovum enters on its final phase of maturation. The nucleus now
moves towards the centre of the ellipsoidal egg, and becomes very large,

up to 500/^ in the cycads (Chamberlain, 1935). The cytoplasm becomes

very dense, most of the vacuoles disappear, leaving what has been

described as a kind of fibrillar appearance, and densely packed storage

materials, including starch, oil and proteins, can be identified. This is

the condition of the ovum as it awaits fertilisation.

In Finns, also, the ovum is of considerable size and is surrounded

by a nutritive archegonial jacket; but in some other Coniferales the

ovum may be quite small, as in Sequoia {see Chapter XII).

The shapes and relative positions of the prothallus and archegonia

are such as to indicate that physiological gradients not only operate

between the periphery and the centre of the ellipsoidal ovum but also

along its main axis, these making for important differences in reaction

at the outer, or micropylar end, and the inner, or basal, end. Such

polarity may indeed have been established before, or during, the

formation of the linear tetrad of megaspores. In all gymnosperms the

embryogeny is typically endoscopic: the embryonic cells which give

rise to the shoot apex lie adjacent to the basal end of the archegonium,

the suspensor being formed towards the micropylar end. The young

embryo grows downwards into the prothallus (or 'endosperm') during

its Subsequent development.

Terminology. For convenience, the region of the zygote adjacent

to the neck of the archegonium will be referred to as the upper region,

or upper end, and the opposite end as the basal region or end. The

embryo apex is always formed at the basal end and is endoscopic, i.e.

develops away from the archegonium neck.

THE CYCADALES

The order Cycadales comprises some 85 living species, these being

the contemporary representatives of a conspicuous and important

group of plants that flourished in the Mesozoic Period. The genera
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include Cycas, Stangeria, Bowenia, Dioon, Zamia, Encephalartos,

Macrozamia, Microcycas and Ceratozamia.

The large mature ovum is as described in the previous Section (p. 1 75).

In these plants we encounter the very unusual and interesting pheno-

menon of fertilisation of the ovum being effected by motile sperma-

tozoids. Moreover, the pollen tube is essentially a haustorial structure

which penetrates the nucellus and supplies nutrients to the sperma-

tozoids: it is not a carrier of the male gametes as in angiosperms. The

spermatozoids are thrust into the ovum with such force that their

ciliate region is stripped off, apparently because of the resistance

offered by the dense cytoplasm of the ovum. The whole situation is

of great physiological interest. Some observations which shed light on

the constitution of the ovum may be noted here. At the time of

fertilisation, the archegonial cavity, Fig. 38, is moist, but not filled with

liquid. At the beginning the spermatozoids swim in the pollen-tube

liquid in which they are discharged from the greatly swollen and highly

turgid tubes. This pollen-tube liquid probably contains high concen-

trations of sugar solution; at any rate, it is known that the sperma-

tozoids can move about freely in a 30 per cent solution of cane sugar.

It is held that when this pollen-tube liquid of high osmotic pressure

comes into contact with the turgid neck cells of the archegonium, it

withdraws water from them, reduces their turgor pressure and permits

some of the contents of the egg to pass into the archegonial chamber,

'leaving large vacuoles at the top of the egg' (Chamberlain). The

spermatozoid is then drawn violently into the egg cytoplasm. In

Bowenia semilata, according to Lawson (1926), each archegonium

secretes a drop of liquid through the neck cells, and this, together with

the liquid from the pollen-tube, enables the spermatozoids to swim in

the archegonial cavity. The neck cells are also said to swing open with

a hinge-hke movement, whereby the spermatozoids gain access to the

ovum. These reactions may induce changes in the constitution of the

upper region of the egg which are important in the subsequent

embryonic development. Having gained access, the male nucleus

moves into the centre of the ovum, and fuses with the female nucleus.

The Proembryo. The fertilisation of the ovum nucleus is followed

by free nuclear division. This initial phase of development leads to the

formation of the proembryo. At the beginning of this phase, all the

nuclei are seen to be dividing simultaneously; their numbers thus

increase in an approximately geometrical manner, 7, 8, 9 and 10

simuhaneous divisions yielding 128, 256, 512 and 1024 nuclei respec-

tively. At about the seventh division, not all the nuclei divide and

departures from the theoretical numbers have been observed. There is

evidence of polarity in the behaviour of the groups of nuclei associated
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with the upper and lower regions of the zygote. Division of nuclei of the

lower group is always accompanied by division in the upper group but

the converse is not always found. From this it could be inferred either

that there is a gradient of a stimulatory substance from the archegonium

Fig. 38. Fertilisation in Dioon edule

Reconstruction of an ovule, as seen in longitudinal section, with its prothallus and
two of the archcgonia at the time of fertilisation. Motile spermatozoids are dis-

charged from the ends of the pollen-tubes into the archegonial cavity. A sperm has
entered the egg on the left ; the egg on the right still shows the ventral canal nucleus

;

two sperms, immediately above, are ready to enter this egg (after Chamberlain).

base to the neck, or that there is a gradient of inhibitory substance in

the opposite direction. During the earlier phase of zygotic development
many more nuclei are to be observed at the upper end. The extent of

free nuclear formation varies in different genera and species. In the

large ovum of Dioon edule, which may be as much as 5 mm long, some
1000 nuclei are present (the corresponding theoretical number would
be 1024); in Zaimafloridaiia, with a 3 mm ovum, 256 nuclei have been
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recorded; but in Bowenia serrulata there are only 64 (Lawson, 1926).

These data are of interest for comparison with those of gymnosperms

with small zygotes. For example, in Sequoia, only four nuclei are

present, a wall being formed at the first division. Cycas and Stangeria

are characterised by a second phase of simultaneous free nuclear

division at the base of the zygote, these nuclei being subsequently

organised into the embryo apex and suspensor.

The numerous free nuclei are at first fairly uniformly distributed in

the zygote, each nucleus being surrounded by a comparatively small

amount of cytoplasm. Before wall-formation begins there is usually

some movement of the nuclei towards the basal end. This is particularly

noticeable in Stangeria : the cytoplasm at the basal end of the zygote

becomes dense and contains many nuclei, whereas the cytoplasm in the

upper region becomes vacuolated and thinly populated with nuclei.

Important but as yet little understood biochemical and biophysical

processes underlie these developments. Cell formation now begins to

take place, the manner of this process being somewhat specific. After

the free nuclear phase in Encephalartos, Macrozamia and some species

of Cycas, the embryo becomes cellular throughout, this development

being considered to be phylogenetically primitive. In Dioon and

Stangeria, the deposition of the permanent walls is preceded by an

evanescent segmentation throughout the whole zygote, both processes

having their inception at the lower end and subsequently progressing

towards the upper, i.e. neck end. In some others, cell formation takes

place in the lower region while the upper region still remains in the

free nuclear state, e.g. in Bowenia. After some hundreds of cells, with

dense protoplasmic contents, have been formed, the visible organisation

of the embryo begins. The oval cell mass, or partial cell mass, is known

as the proembryo. This term is used to include the early embryonic

development up to the point where the distal embryonic region begins

to form the distinctive organs of the embryo proper.

Fig. 39. Embryogeny in Cycads

A-D, Zamia umbrosa. A, Formation of cellular proembryo at end of second phase of

simultaneous nuclear division. B, Cellular proembryo; wall formation is com-

pleted but there is as yet no regional difterentiation. C, Beginning of differentiation;

young cap cells can be distinguished, also beginning of elongation of suspensor cells.

D, Differentiation of proembryo completed; cap meristem, suspensor cells and

buffer cells are now clearly differentiated (A, C, x 40; B, D, x 35; after Bryan).

E, F, Macrozamia spiralis. E, Development of proembryo; the elongation of the

suspensor cells has forced the embryo down into the prothallus; an enzymic diges-

tion of that region is taking place. F, Five embryos derived from five archegonia;

the suspensors are coiled and closely entangled; all but one of the embryos have

become abortive; note the persistent egg membranes (E, x 33; F, x 2-4; after

Brough and Taylor). G, Bowenia serrulata. Developing embryo with suspensor

(x 75, after Lawson).
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The coherent mass of densely protoplasmic cells which occupies the

basal end of the archegoniiim will in due course develop into the body

of the embryo proper. This region of the proembryo will here be

referred to as the embryonic region. In the subjacent cells, which

will develop as the suspensor, the first evidence of differentiation can be

seen, Fig. 39, in that they begin to elongate conspicuously in the axis

of the proembryo. The proembryo thus affords evidence of differential

metabolism, the end adjacent to the base of the archegonium becoming

the locus of apical growth and morphogenetic activity. Further

evidence of differential metabolism is seen in the formation of mucilage

cavities which begin to appear about this time.

Bryan (1952) has illustrated in detail the early embryonic develop-

ment in Zamia umbrosa. Fig. 39. Following the phase of free nuclear

division, a cellular proembryo is formed at the base of the archegonium.

This proembryo differentiates into four regions, namely: (i) a distal

meristem whose outer cell layer eventually forms (ii) a conspicuous

cap; (iii) a suspensor, subjacent to the distal meristem; and (iv) buffer

cells subjacent to the suspensor and extending for some distance up the

sides of the archegonium. The cap cells become conspicuously en-

larged in the axis of the embryo and have a haustorium-like appearance.

They have densely granular contents, large nuclei and thick cell walls.

The posterior region of the meristem continually adds new elongating

cells to the suspensor which eventually becomes coiled and twisted.

When eventually the cap cells disintegrate, the meristematic region

enters on an active phase of growth. While cap cells have not previously

been reported in the Cycadales, Bryan considers that on critical exami-

nation they will probably be found in other genera. Similar cap-like

developments are known in various conifers. As the suspensor cells

continue to divide and elongate to a remarkable extent, the embryonic

region is thrust down into the tissue of the prothallus. Even more

remarkable suspensor developments have to be recorded. As we have

seen, several archegonia are present at the micropylar end of the

prothallus ; the ovum in each of these may be fertilised and the pro-

embryonic and embryonic developments indicated above may ensue.

One embryo, however, becomes predominant, and it alone becomes

fully developed, all the others sooner or later being inhibited, Fig. 39

(Brough, 1940; de Silva and Tambiah, 1952). But the several sus-

pensors, some of v/hich are short and some considerably elongated,

grow side-by-side and become twisted and coiled together. This

compound structure is topped by the upper region of the suspensor of

the single embryo that eventually attains to full development. In these

developments, which are reminiscent of the interweaving of fungal

filaments in the formation of complex fructifications, evidence of the
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organising capacity of the distal embryo apex may be discerned.

Chamberlain records that the living suspcnsor in Ceratozamia can be

pulled out to a length of some 7-8 cm,

Polyembryony within a single archegonium has also been observed,

e.g. in Macrozamia reidlei, there may be one to three additional lateral

embryos. These arise like the main embryo, each owing its formation

to a small group of actively dividing cells at the basal periphery of the

Fig. 40. Dioon edule

Embryo in longitudinal section, showing an early stage in the formation of cotyle-

dons. The enlarged basal region is the coleorhiza. The shoot and root apical

meristems are not yet clearly differentiated (after Chamberlain).

proembryo. The primary suspcnsor may also fork and give rise to

equal embryos. A similar branching of the suspcnsor has also been

seen in Encephalartos.

The Embryo. Contemporaneously with these suspcnsor develop-

ments, the embryonic region has been growing slowly. The differentia-

tion of the rather uniform mass of meristematic cells takes place very

gradually, but two cotyledons are eventually formed, while below them,

in the bulky basal region known as the coleorhiza, an endogenous root

has its inception, Fig. 40. In the early stages of this embryonic

development, when the whole of the apical region is still growing, both

periclinal and anticlinal divisions take place in the cells of the outermost

tissue. The distal, superficial layer, which by virtue of its position

becomes the dermatogen, appears to assume a haustorial function,

Fig. 40, but whether the main nutrition of the embryo is by way of this

tissue region, or acropetally by way of the suspcnsor, is still a matter

for conjecture. After the formation of the cotyledons, the sunken

shoot apex gives rise to the first leaf and to one or more associated



184 EMBRYOGENESIS IN PLANTS

scales. The embryo, which is now deeply embedded in the prothallus,

extends the whole length of the seed ; the coleorhiza has become hard

;

the long suspensor is coiled and packed in the micropylar region; the

nucellus has practically disappeared, its substance having been trans-

ferred to the prothallus, which functionally is now the 'endosperm'

surrounding the germ; and the seed coat has hardened and matured

in characteristic ways. The mature seed is fairly uniform throughout

the group. In Cycas, Macrozamia and Ceratozamia, the seeds have

already been shed before the embryo has formed its cotyledons.

The cotyledon number may be variable. Where two are present,

they may be of unequal size. Encephalartos is reported as having three

cotyledons. In Ceratozamia, which usually has one, the single coty-

ledon always develops on the side next the ground. If, however, the

seeds are revolved in a klinostat throughout the development of the

embryo, two cotyledons are typically formed (Dorety, 1908). The basal

regions of the cotyledons are conjoined and form a kind of tube. The
lobed or divided cotyledon tips have suggested to some observers that

more than two cotyledons are potentially present.

The cycad seed has no resting stage. On germination, the coleorhiza

bursts through the seed coat; the root-tip digests and forces its way
through the base of the coleorhiza and begins to grow rapidly down-
wards; the cotyledons begin to protrude from the seed; and the new
leaf formed at the apex slowly grows out. The greater part of the

cotyledon(s) remains within the seed, serving as an absorbing or

haustorial organ.

The vascular anatomy of the seedling is quite complex. In Dioon

edule, both of the cotyledons have four evenly distributed vascular

strands; these become concurrent in the short shoot and, together

with whatever cauline vascular tissue there may be, constitute a four-

sided vascular plate. Protoxylem groups are present at each corner.

Conjoined with the corners of this plate, and seemingly decurrent from
its lower side and continuous with its protoxylems, are the four pro-

toxylem strands of the first root. The first and second leaves which are

duly formed at the apex have each four separate vascular strands

(Thiessen, 1908); these become conjoined in the protoxylem regions

of the vascular plate. The vascular strand of the young sporophyte

shoot is protostehc but with the enlargement of the shoot it becomes
an endarch solenostele (siphonostele). In Microcycas, however, the

vascular plate is an endarch siphonostele from the outset (Dorety,

1909). The anatomical developments in these cycad embryos and young
sporophytes thus afford many interesting points for causal investigation.

Here it is worth referring to some remarkable petrified embryos of

Bennettitales which are dicotyledonous. The seeds appear to be
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exalbuminous—a remarkable condition in gymnosperms (Wieland,

1906; Scott, 1923).

Relationships. Chamberlain (1935) has argued that the Filicales,

Pteridospermae (Cycadofilicales) and Cycadales may be regarded as a

genetic line sufficiently well established by the morphological facts of

fossil and living species. He points to the very fern-like character of

the leaf in such genera as Stangeria which was once placed in the

Polypodiaceae. He also attempts to explain the very considerable

difference between the spore-producing members of ferns and cycads

on the grounds that 'extremely rapid changes may take place in

reproductive structures without any noticeable change in the leaves.'

It is certainly a fact that there are well marked similarities between

eusporangiate ferns, pteridosperms and cycads, while the probable

evolutionary sequence in the elaboration of the ovule (p. 172) will not

readily be set aside. But to show, on a strictly factual basis, at precisely

what point the divergence between the ferns and pteridosperms took

place, and to specify the morphological characters of the common
ancestor, are tasks of very great difficulty, the more so when the

possibilities of parallel evolution are borne in mind.

In the foregoing survey, the nutritional status of the ovum at and
after fertilisation has been treated in some detail; for there is good
support for the view that nutrition is a major factor in the embryonic

development. If we assume that the cycads evolved from a eusporangi-

ate fern source, then among the critical genetical changes would be

those which determined the differentiation of a single megaspore and
its retention within the sporangium. Thereafter the nutritional status

of the prothallus, ovum and zygote would be radically modified. The
genetical changes envisaged, though of great importance, were not

necessarily of very great magnitude ; but in the circumstances indicated

above, they could be productive of very extensive changes in the em-
bryonic development. For whereas the eusporangiate fern embryo has

its inception in a small ovum, nourished by a small thalloid gameto-

phyte, the embryo of the nascent cycad would have its inception in a

large ovum, and v/ould draw upon the nutritional resources of a rela-

tively massive, vascularised sporophyte during its development.

GINKGOALES

It is purely as a matter of convenience that the Ginkgoales are

treated at this point: any relationship between this group and the

Cycadales is a very ancient and remote one. Chamberlain (1935), and
more particularly Florin (1949), have associated the Ginkgoales with

the Coniferophytes.

The ovum nucleus in Ginkgo biloba is fertilised by the nucleus from
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a motile spermatozoid. Proembryo development then follows, the

phase of free nuclear division continuing, with a progressive diminution

in nuclear size, until about 256 nuclei have been formed. These nuclei

become uniformly distributed in the cytoplasm and after one or more
general nuclear divisions—the eighth or ninth—wall formation takes

place simultaneously throughout the proembryo. One nucleus is

enclosed in each of the approximately equal cells, Fig. 41. This cellular

homogeneity in the spherical embryo, however, masks an underlying

polar differentiation. The cells at the basal end of the archegonium

soon begin to divide actively and continue to function as meristematic

cells, whereas those towards the central and upper regions divide

infrequently, become relatively large and vacuolated, and may even

undergo some dissolution. At this stage the embryo is characterised by

a marked gradient of cell size. According to Johansen (1950), no true

suspensor is formed in this species, but Radforth (1936) states that the

proembryo elongates into a conical suspensor. The actively dividing

cells at the base of the archegonium now become organised as an apical

meristem and in due course two protuberances, the cotyledons, can be

distinguished and other leaves are subsequently formed. In the com-
pactly cellular region below the shoot apex the primary root has its

inception. Fig. 41. Each cotyledon has an apical grov/ing point con-

sisting of a number of small meristematic cells. Like the shoot apex,

this meristem is of the eusporangiate, or bulky, type of organisation.

Embryos with three cotyledons are of frequent occurrence. Anomalous
developments have also been recorded. Thus some differential growth

has been observed as between the two cotyledons : one may be longer

than the other and notched at the apex, while the other is deeply bifid

;

but at maturity the two are of equal length.

The first procambial strands originate in the cotyledons and can

be traced basipetally into the young shoot or axis. The next strands

are those of the first two leaves, which are decussate with the cotyledons,

the constitution and form of the shoot stele being determined by these

two sets of strands. In embryos with two cotyledons the stele is

elliptical in transverse section; with three cotyledons it is triangular.

In the root meristem in the former the plerome is wedge-shaped; in

the latter it is bluntly pyramidal. The fully developed embryo usually

Fig. 41. Embryogeny in Ginkgo biloba

A, Proembryo with sixteen free nuclei, of which seven can be seen; a, archegonium
neck. B, Cell formation in the proembryo is completed. In A and B, as in the other

illustrations, the shoot apex is uppermost (x 70; redrawn from Johansen). C,

Young embryo showing gradient of cell size from the basal into the apical region

(x 120, after Lyon). D, Upper part of older embryo in l.s. showing the shoot apex,

the cotyledons and the beginning of tissue differentiation ( x 40). E, Nearly mature
embryo (x 7-5). (D, E, after Coulter and Chamberlain.)
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has five leaves, the first two being decussate with the cotyledons, the

other three being irregularly disposed. On germination, the cotyledons

have a haustorial function; the first leaves are deeply lobed; and the

strong first root grows down into the soil.

Experimental Investigations. Steward and Caplin (1952) have

shown that a growth-regulating substance, analogous to the 'coconut-

milk factor' present in the watery endosperm of coconuts, is present

in the developing gametophyte in the ovule of Ginkgo biloba.

Tsi-Tung Li (1934) and Radforth (1936) have reported on the

culture of Ginkgo proembryos in various sterile synthetic media.

Radforth found that there is a noticeable difference between embryos

grown in vivo and in vitro, the latter having a diameter nearly twice that

of equivalent proembryos grown in vivo. The in vitro embryos were

symmetrical, whereas those grown in vivo were asymmetrical, i.e. the

formation of the suspensor can be artificially delayed. The cultured

embryos also gave other indications of responses to nutritional factors.

Having thus obtained evidence that extrinsic factors, i.e. substances in

the culture solution, can modify the form and development of the

embryo, Radforth concludes that, under natural conditions, the

suspensor 'is also the result of reaction to external influence,' i.e. to the

surrounding prothallial tissue, and should therefore be regarded as 'a

secondary feature imposed upon the symmetrical three-dimensional

growth which characterises the earlier stages of proembryo develop-

ment. As such it cannot have the significance of primitiveness ascribed

to it by both Bower and Lang, who regard the axial single filament

type of suspensor as even more primitive than the conical.' Nor can

the embryo of Ginkgo be regarded as a 'primitive spindle.'

PhyJogeny. Ginkgo biloba, like the living cycads, has been described

as a 'living fossil.' Ginkgo and related genera are recognisable in

Liassic (Lower Jurassic) strata, while other evidently ancestral forms

flourished in Permian times. The embryo is unspecialised and of the

bulky eusporangiate type. The simple leaves, with their parallel open
venation, are very fern-like. Most members of the order have been

extinct since the end of the Mesozoic : Ginkgo biloba is the only species

that has persisted to the present day. Chamberlain (1935) considers

that Ginkgo may have come from the Cordaitales, a purely fossil order,

or that both may have originated from the same ancient pteridophyte

stock; but Florin (1949) takes the view that the Ginkgoinae, Cordai-

tinae, Coniferae and Taxinae belong to the same natural group, the

Stachyospermae or Coniferophyta, and that they constitute parallel

evolutionary lines which probably had already separated in Upper
Devonian or Carboniferous times.



Chapter XII

EMBRYOGENESIS IN GYMNOSPERMS:
CONIFERALES AND 'GNETALES'

CONIFERALES

THIS very considerable assemblage of gymnosperms is believed to have

sprung from a Palaeozoic coniferous ancestry, the latter possibly

originating from some proto-pteridophyte stock. The order Coniferales

has'been variously classified, the principal families, according to several

authors, being set out in the accompanying Table.

Families in the Order Coniferales

Chamberlain
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account already given (p. 172). As the ovum in Piiius and other genera

enlarges to its mature, pre-fertilisation state, it becomes highly vacuo-

lated, some of the vacuoles being said to contain protein. It accumulates

abundant food reserves and is surrounded by a conspicuous tapetal-like

sheath or 'jacket.' The process of fertilisation, and the first and second

mitoses of the fusion nucleus, have not only important biological

aspects: they also present a range of biochemical and biophysical

problems of great interest but on these we have practically no informa-

tion whatsoever. The details of the discharge of the contents of the

pollen tube into the ovum vary. Sooner or later a male nucleus moves
down into the ovum and fuses with the female nucleus. The other

nuclei near the archegonial neck degenerate. The four free nuclei

formed by the first two divisions of the zygote at first occupy a central

position in the proembryo. Soon fine fibrils are formed in the surround-

ing cytoplasm; these increase in diameter and length, become aligned

along the axis of the proembryo and eventually extend to its base.

Some of the fibrils then apparently become adpressed and attached to

the archegonial membrane and 'soon the nuclei become pulled to the

base of the archegonium by means of the tractive force exerted by the

fibrils' (Johansen, 1950). This curious phenomenon is undoubtedly

related to the polarity of the proembryo, for it has been observed that

these fibrils have the same basipetal alignment, irrespective of the

orientation of the cone or ovuhferous scale.

The eggs in the Coniferales, as compared with those of the Cycadales,

are comparatively small and the number of free nuclear divisions is

greatly reduced. An extreme case is found in Sequoia where there is no
free nuclear stage, the egg being little larger than that of a pteridophyte

and a cell wall being laid down at the first nuclear division. Fig. 44.

In general, however, a free nuclear proembryo is characteristic of the

Coniferales.

PINACEAE

In Pinus, which has been fully investigated, the zygote nucleus

undergoes mitosis; this is immediately followed by a second mitosis,

the four free nuclei thus formed being situated about the middle of the

proembryo. This is the full extent of the free nuclear phase. The four

nuclei now move to the base of the archegonium where a third division

takes place, this last terminating with wall formation, Fig. 37 {see also

p. 174). However this basipetal nuclear movement may be explained,

it suggests the existence of polar gradients due to a biochemical

differentiation within the proembryo. The nuclei, in fact, have moved
to what will become the primary morphogenetic region of the embryo.

The eight nuclei at the base of the proembryo are now disposed in two
tiers each of four nuclei, with walls between. The cells of the upper tier
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again divide, three very regularly arranged tiers being thus formed. A
division in the lowest tier completes this proembryo phase of develop-

ment. Fig. 37. The lowermost tier will give rise to the embryo proper,

the middle tier to the primary suspcnsor, the third tier to the rosette,

while the uppermost tier which is unwalled on its upper surface will

soon degenerate. The rosette is thus adjacent to a wall described as the

basal plate which separates the embryo from the unorganised remains

of the proembryo. Rosette cells are present in Pi/ius, Cedrus, Tsuga and
Pseudo/arix; but in Abies, Picea and Lari.x, in which they are initiallv

present, they soon degenerate. Both the distal embryonic cell tier and

the rosette tier may give rise to embryos, the development of the latter

taking place more slowly. We shall return to them later.

Attention must now be directed to the lowermost tier, for it gives

rise to all the organs of the embryo proper, including the shoot,

cotyledons, leaves, roots and secondary suspensor cells, the upper three

tiers contributing nothing to these developments. These tiers, neverthe-

less have important functions. The uppermost tier, of which the distal

ends are in open contact with the egg cytoplasm, is apparently active in

transmitting nutrients to the growing embryo below; and this appears

to continue as long as any food reserves remain in the micropylar end

of the proembryo. The cells of the tier below this absorptive layer,

known as the 'rosette' because of its appearance in vertical view, are

actively meristematic and often develop into embryos. The cells of the

penultimate basal tier undergo a quite remarkable elongation and
constitute the primary suspensor. At this stage in the development,

where the embryonic region is about to be thrust down into the pro-

thallus, the proembryo phase may be considered, arbitrarily but con-

veniently, to have come to an end.

Polyembryony is a very general phenomenon in the Coniferales. It

may be due to the development of several fertihsed eggs, this being said

to constitute simple polyembryony : or it may result from the longitudi-

nal subdivision and separation of several embryos from a single pro-

embryo, this being described as cleavage polyembryony. Both types are

of wide occurrence: simple polyembryony is general in Larix, Picea,

Pseudotsuga and Abies', while cleavage polyembryony is a constant

feature in Pinus, Cedrus, Pseudolarix and Tsuga. Buchholz (1933) has

made the distinction between determinate and indeterminate cleavage

polyembryony in conifers. In the latter there are no indications that

any one of the several embryos, derived from a single zygote, has a

distinct advantage during development. In the former, one embryo,

usually the terminal one, is more favourably situated than the others,

and tends to be the one which comes to maturity in the seed. The
position of the various cleavage embryos is thus important in determining
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which will survive. This distinction can be applied to the embryonic

development in several families of the conifers. Buchholz considers

that the evolutionary steps may have been as follows : (i) indeterminate

cleavage polyembryony; (ii) determinate cleavage polyembryony;

(iii) simple polyembryony, with vestigial traces of (ii) ; and (iv) simple

polyembryony without traces of (ii). The embryogenies ofPinus, Cedrus,

Tsuga, Cryptomen'a, Biota and Chamaecypahs exemplify indeterminate

cleavage polyembryony: that of Dacrydium illustrates determinate

cleavage polyembryony.

To return to Finns: the four basally-situated embryonic cells,

each with its subjacent suspensor, become slightly separated from each

other, but the four short filaments so constituted remain attached to the

rosette tier. In each of the cleavage embryos, the suspensor now begins

to elongate rapidly, with the result that the embryo is thrust downwards

into the gametophyte tissue. The distal embryonic cell, or apical cell,

has meanwhile enlarged and divided by a transverse wall. The subapical

cell so formed begins to elongate conspicuously to form what has been

described as an embryonal tube or secondary suspensor. A second cell

cut off from the apical cell also elongates and is transformed into an

embryonal tube, and this process may continue till there are three or

more embryonal tubes in linear sequence, all adding to the length of

the suspensor region of the embryo, Fig. 37. As a consequence of

these developments, the embryo has been thrust deeply into the richly

stored cells of the prothallus. The production of the so-called embryonal

tubes, which constitute the secondary suspensor, is evidently due to

physiological processes similar to those which give rise to the primary

suspensor with which they are continuous. Johansen notes that the

elongation of the suspensors is so rapid that it is greater than the rate

of the dissolution of prothallus tissue in front of the embryo apex;

and hence the suspensor and embryonal tubes become coiled and

convoluted, the first-formed suspensor cells soon collapsing.

Meanwhile, the apical cell has undergone divisions in other planes

;

a bulky meristematic tissue mass is gradually built up, the identity of

the original apical cell being lost. Fig. 37. The presence of a distal

apical cell in the early embryogeny in Pinus has attracted a considerable

amount of attention. This cell grows, divides, and gives rise to the

tissues of the young embryo in the same way as does the shoot apical

cell in many pteridophytes. As the embryo enlarges, however, the

apical cell disappears, the shoot meristem then consisting of an apical

cell-group. In P. banksiana the apical cell persists for a considerable

part of the embryonic development, and in P. montana it is stated to be

evident in the mature embryo. The usual condition in Pinus, however,

is that the apical cell becomes indistinguishable before the cotyledons
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appear. In the presence and persistence of an apical cell, morphologists

have claimed support for the idea of a pteridophyte ancestry of the

Coniferales.

The growing embryonic tissue both withdraws materials from the

prothallus and secretes enzymes into it. As a result the prothallial

tissue becomes disintegrated and liquefied, a zone of plasmatic material

typically surrounding the embryo apex. Also, starch disappears from
the prothallial cells before the embryo encroaches on them. As the

prothallial tissue offers some resistance to the passage of the embryos,
the suspensors come apart and become closely coiled and compressed
and fill the disintegration cavity round the embryo. After the embryo
has attained its maximum length, the suspensor and the remains of the

egg and nucellus form a dry cap which may protect the root and basal

end of the embryo when it breaks through the testa at germination

(Chamberlain, 1935).

It may be inferred that while the embryo proper still consists of

undifferentiated meristematic cells, the biochemical pattern that

underlies and precedes the visible structural development is, never-

theless, beginning to be determined. Fig. 37. At any rate, soon after

this stage, the distal region of the embryonic mass begins to differentiate

into the shoot apex and cotyledons, while the proximal region becomes
organised as a root. In the inception of the primary root, a small group

of root initials can first be distinguished, and as these grow and divide

the tissues of the periblem, root-cap and plerome become differentiated.

Fig. 37l. a dermatogen is not recognisable in the early embryogeny.

In Pinus many cotyledons are formed. Some investigators, e.g. Hill and
de Fraine (1906-1910), have suggested that this is a derivative condition

from a dicotyledonous ancestor, but others have taken the opposite

view (Dorety, 1917; Chamberlain, 1935). Recent comprehensive

investigations by Buchholz (1918-1933) indicate that polycotyledony

is the primitive condition, the smaller cotyledon numbers being due to

fusion. The several cotyledons in Pinus appear as primordia round the

shoot apex before any vascular strands associated with them can be

observed, Fig. 42 (Chamberlain, 1935).

In Pinus, the mean number of cotyledons is eight. P. banksiana (a

species with an apical cell in the mature embryo) has three to six, and
P. contorta from two to eight. On the other hand P. lambertiana has

from twelve to eighteen, and P. sabiniana from seven to eighteen. It

would be interesting to know, from a morphogenetic study of these and
other species, if the small cotyledon number is associated with a small

apex and the large number with a large apex, i.e. indicating a size and
form correlation. Such information would be important in relation to

Turing's (1952) diffusion reaction theory of morphogenesis {see also
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Wardlaw, 1954). In Pinus ponderosa, Buchholz and Stiemert (1945)

and Buchholz (1946) have demonstrated that there is a close and direct

correlation between seed size, endosperm size, embryo size and cotyle-

don number. The embryos of large seeds, at the time of differentiation

of the shoot apex and the cotyledon primordia, are much larger than

those of small seeds, and have many cotyledons. The number of coty-

ledons may range from 6 to 16, embryos with these numbers being
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Fig. 42. Variable cotyledon number in embryos
A-E, Cedriis libani. A, Ordinary embryo with no fusion of cotyledons. B, C,

Earlier and later stages in fusion. D, A large cotyledon that appears to have arisen

by fusion. E, Evidence of cotyledon abortion. ¥-G, Pinus banksiana. F, Fusion of
two cotyledons. G, Transverse section of a group of cotyledons; s, shoot apex

(x 16, after Buchholz).

found in seeds with a volume range from 50-140 cu. mm. {see also

Butts and Buchholz, 1940).

Embryonic Selection. Buchholz has shown that for a period of

about five weeks during the early embryogeny little differentiation takes

place, the several embryos within the ovule competing for survival.

This has been described as the period of embryonic selection. Once
predominance has been attained by one embryo, it grows rapidly and
differentiates all its organs in 10-12 days; seed ripening is completed

in a few weeks with little change in seed size. When the embryo eventu-

ally attains to its full size. Fig. 37, it is surrounded by the enlarged female

gametophyte which has grown so as virtually to fill the remainder of

the seed cavity, the whole being enclosed within the hard stony layer

which constitutes the testa or seed coat.
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So much for the single main embryo that comes to maturity. The
proembryo in Piniis may, however, give rise to four filamentous cleavage

embryos. Moreover, the four cells of the rosette remain meristematic

and each may give rise independently to a filamentous embryo. The
organisation of these embryos is like that of the distal embryos, but

soon—at about the twelve-cell stage—their further development is

restricted and they become abortive. Elongated suspensors are un-

common in rosette embryos. Well developed rosette embryos have been
observed in P. montana. A single fertilised egg may thus yield eight

young embryos ; and since three eggs are sometimes fertiUsed, a single

ovule may contain up to twenty-four embryos. Still larger numbers are

possible and have, indeed, been observed. Usually only one of these

embryos develops to maturity, though occasional seeds may yield two
fully formed embryos.

Most species of Pinus have several archegonia, from two to six,

but in P. radiata and some other species, only one is present, this being

held to be an advanced and speciahsed condition.

With modifications of detail, which can be referred to the size and
nature of the ovum, and to the distribution of growth in the embryo,
the foregoing account of the embryogeny of Pinus is applicable to

many of the Coniferales.

Phylogenetic Aspect. Johansen follows Buchholz in the view that

species with a single, entire embryo have been derived from species in

which cleavage embryos were normally present, i.e. cleavage poly-

embryony was the primitive condition. In this view, Pinus probably

exemplifies the most primitive embryogeny among the Coniferales and
cleavage polyembryony may have originated in the ancestry of this

genus. This curious embryonic development, which is general in the

conifers, is modified in various ways in the more advanced members
of the group. The apical cell, which is a conspicuous histological

feature in the early embryogeny of Pinus, may be a character derived

from the original pteridophyte ancestors.

Embryogeny and Classification. Classifications which were accepted

at an earlier stage have been modified in the light of later taxonomic,

anatomical and palaeontological studies. Buchholz has suggested a

classification based on embryology but so far this has not been co-opted

into any modern and generally accepted taxonomic system. Although

the Coniferales have many embryonic developments in common,
distinctive features occur in the several families and genera. The facts

of embryogeny may eventually enable botanists to indicate some of the

lines of evolutionary advance and thus afford a basis for a phylogenetic

classification.

In the Pinaceae, Pinus is considered to exemplify the most primitive
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type, on the grounds of the abundant occurrence of cleavage poly-

embryony, the formation of rosette embryos, and the presence of an

apical cell. On the other hand, in Pseudotsuga, there is simple poly-

embryony and no single apical cell ; also, there are no rosette cells and

therefore no rosette embryos. On these grounds it is recognised as the

H

Fig. 43. Comparative series of embryos of Pinaceae

A, B, Pinus laricio {P. nigra). C, D, Cedrus libani. E, F, Tsuga mertensiana. G, H,

Pseudolarix amabilis. J, K, Abies balsamea. L, M, N, Picea excelsa. O, P, Larix

kaempferi. Q, Pseudotsuga taxifolia. 5, primary suspensor; fj, c^. embryonal tubes;

r, rosette cells, which may give rise to rosette embryos, re (after Buchholz).

most derivative type. And between Pinus and Pseudotsuga, genera with

embryos showing various intermediate features are known. Fig. 43.

This is the basis of the conception advanced by Buchholz in 1931.

Until we have more knowledge of the factors involved in the inception

and development of the various embryonic features, and some clue

as to how these features change under the impact of genetical change,

it will be difficult to determine finally the taxonomic relationships. A
sufficiently detailed account of the various embryonic conditions in the
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Pinaceae has been given by Johansen (1950), following the work of
Buchliolz (1918 et seq.). From the causal standpoint the basic questions
would appear to include: How do known genetical changes affect (i)

the distribution of growth, (ii) cellular differentiation, and (iii) organ
formation, in the embryonic development ?

/

M N

Fig. 43 (contd.)

ARAUCARIACEAE

The embryogeny of Araucaria and Agathis is notably different from
that of all other Coniferales {see Eames, 1913; Burlingame, 1915; and
Johansen, 1950). In Araucaria angustifoUa, the 32-45 free nuclei

become uniformly or concentrically distributed through the sub-

spherical proembryo. In Agathis the free nuclei number 32-64. With
the onset of wall formation in Araucaria, a polar elongation of a

curious kind begins : those cells which later will give rise to the embryo
proper occupy a central position, with elongated suspensor cells on
the micropylar side and a layer of considerably enlarged cap cells on
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the distal side, Fig. 44. The initial simple polyembryony, involving

3-4 proembryos, is superseded by the strong development of one
embryo and the disintegration of the others. There is no evidence of

cleavage polyembryony, though seeds with two subjoined mature
embryos have been observed. After a period of inactivity, the central

embryonic cells begin to grow, this new phase being also marked by the

disintegration and crushing of the primary suspensor cells and cap cells.

At first all the cells of the small embryonic mass grow and divide about

equally, but soon those on the proximal side elongate and form a

secondary suspensor, while those on the distal side form a subspherical

mass of small-celled embryonic tissue—in fact, the morphogenetic

region of the embryo. The growth of the apical region now slows down
and organ formation begins. A root apex is differentiated near the

suspensor end, the adjacent region being recognised as the hypocotyl:

at the distal end the nascent shoot apex appears to be inert, but two
cotyledons are formed on its flanks. They continue to grow and
differentiate and become very large relative to the rest of the embryo.

The origin and function of the proembryo cap have given rise to

some speculation. It has been suggested that it protects the embryonic
cells, provides the digestive enzymes, and so on. Johansen (1950)

notes that, immediately after free cell formation, elongation takes place

simultaneously in both the upper and lower groups of cells adjacent to

the embryonic cells : if polar gradients are present, it is not surprising

that the suspensor and cap cells react somewhat diff'erently. The embryo
apex in Araucaria is endogenous, a condition found in conifer root apices

and in the shoot apices of some ferns {see Chapter IX; and Wardlaw,
1953). It has a multicellular, massive construction from the outset.

TAXODIACEAE

The embryonic development in Sciadopitys verticillata, Fig. 45, is in

general like that in the Pinaceae (Buchholz, 1931). When the first four

free nuclei move to the base of the archegonium, they divide and form
32 nuclei which become arranged in three tiers, i.e. an embryonic, a

suspensor (described as a prosuspensor) and a rosette tier. Briefly, the

subsequent development is characterised (i) by the very great elongation

of the prosuspensor, its collapse, disorganisation and replacement by
a so-called primary suspensor derived from the embryonic initials

;
(ii)

by subsequent additions to the suspensor of embryonal tubes
;

(iii) by
marked cleavage polyembryony described as the most extreme example
of this phenomenon in the conifers

;
(iv) by the abortion of the apical

cell in the individual embryo; (v) by the formation of some rosette

embryos; (vi) by the occurrence of occasional mature twin embryos;
and (vii) by the formation of occasional bud embryos which do not,



Fig. 44. Araucaria angustifoUa {A. braziliana) and Sequoia

sempevvirens

A T ^tp nrnembrvo showing beginning of elongation of suspensor

fni^rcdls ( '48? rPr^embr'yo with c'ap cells (c) and portion of suspensor (.);

meistem cells m x 235) (A and B after Johansen). C-E, Sequoia sempervirens^

? D almm iAdTcating frequency of distribution of variations in cell arrangemen m

?0?oufceUed embryos D, Eight embryo units (some abortmg) derived from the

to form the secondary suspensor (D, E, x /u, c t, rea^a^^Il uui
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however, attain to full maturity. Buchholz (1931) regards the embryo
of Sciadopitys as a type to which the embryos of the Cupressineae and

Taxodineae may be referred.

Sequoia sempervirens. Fig. 44c-E, shows an unusual, indeed, quite

exceptional, embryonic development. The archegonium and ovum are

small, the spindle of the dividing zygote nucleus is aligned in the axis

of the archegonium, and a transverse wall is laid down. There is, in

fact, no free nuclear phase in this genus. The two nuclei again divide,

their products being separated by longitudinal walls. Some slight

variations have been recorded in the initial segmentation pattern

(Buchholz, 1939), Fig. 44c. Each of the four cells can function as an

embryo initial and give rise to a filamentous embryo. Some observa-

tions seem to indicate the presence of an apical cell, others that the

division of the embryonic cell is typically by a longitudinal wall. The

subsequent development is characterised by typical cleavage poly-

embryony, by the great elongation of the suspensor, the formation of a

secondary suspensor, the development of embryonal tubes, and by

embryonic growth initially by a single apical cell, this being soon trans-

formed into a more massive apex. Rosette cells are usually absent.

The single embryo which comes to maturity has usually two cotyledons

{see below). The later stages in the embryogeny of Sequoia, in short,

are of the general gymnospermous character.

In Sequoiadeudron giganteum {Sequoia gigantea), the first walls

appear when eight free nuclei, which fill the lower half of the arche-

gonium, have been formed. Simple and cleavage polyembryony

may both be present. A rosette is also conspicuous. The young

embryo grows by an apical cell, but this is soon replaced by a group

of initial cells. The subsequent developments are generally like those

in Sequoia sempervirens. When in due course the single embryo has

become considerably enlarged, it is cylindrical in shape and has a

massive distal region consisting of the shoot apex and two to six,

usually four, cotyledon rudiments {see below). The embryonic develop-

ment is very protracted in this species, some two years elapsing between

fertilisation and the maturation of the seed. Fertilisation in Sequoia-

deudron giganteum takes place in August. The embryo is still in a very

immature state at the onset of winter but develops to maturity during

the following season (Buchholz, 1937). During the first month the

embryo is very small : at the two-celled stage after the division of the

zygote, Buchholz estimates that it is 20,000 cubic microns. As the large

tree which develops may eventually have a volume of 1640 cubic metres,

the organism thus enlarges 82 x 10'"^ times.

In a statistical study of cotyledon number in Sequoia and Sequoia-

dendron, Buchholz (1940) has shown that in the former the range is



Fig. 45. Sciadopitys verticillata

A Farlv staee showing prosuspensor (ps) and rosette cells (/). B Embryo with

nected by a common secondary suspensor; k, inargm of roo cap. (A-C, x 33,
necieu uy a ^

^ ^^ ^^_ ^^ ^^ j^_ ^^1 ^^.^^^ Buchholz.)
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from 2-3, with 90-4 per cent with two cotyledons, whereas in the latter

the range is from 2-6, with 33-3 per cent with three cotyledons, and
62-8 per cent with four cotyledons. Differences in genetical constitution

are thus reflected in the embryonic development. While the general

developmental pattern is comparable in the two species, there are

differences in the proembryo cytology, in the rosette development, in

the number of cotyledons formed, and so on. These differences are

indicative of both quantitative and qualitative differences in the growth

processes of the two species. A consideration of the gametophytic and
embryological differences in Sequoia sempervirens (Redwood) and
Sequoiadendron giganteum (the Big Tree) has led Buchholz (1939) to

the view that they should not only be regarded as belonging to distinct

genera, but that they are probably descendants of widely separated

genera—a view that is said to be supported by the fossil evidence.

In the other sub-family of the Taxodiaceae, including the genera

Taxodium, Cryptomeria and Cwininghamia, the embryogeny, with

various differences of detail, is generally like that in the Pinaceae.

Cryptomeria japonica has two to four cotyledons, Taxodium distichum

has two to nine, T. mucronatum has three to five, Cuuninghamia

lanceolata has two to four, and Taiwania cryptomerioides has two or

three, (for details, see Johansen, 1950; Buchholz, 1932, 1940).

CUPRESSACEAE

The several genera included in this family show marked differences

in the details of their embryonic development. In Thuja, which stands

apart from other members of the family, there is no cleavage poly-

embryony and only one embryonal initial undergoes further develop-

ment—a marked simplification of the general embryonic process in

gymnosperms. Fig. 46a-c. The early embryogeny is characterised by

the presence of a distinctive apical cell, but this disappears before organ

formation begins.

Libocedrus, Biota and Chamaecyparis form a coherent group, very

different from Thuja, and with several distinctive features including the

variable disposition of the free nuclei and the initial wall formation at

Fig. 46. Embryos of Cupressaceae, etc.

A-C, Thuja occidentalis. A, Four-celled proembryo; the ventral nucleus is seen

above. B, Older embryo; the subapical tiers are elongating into the suspensors.

C, Suspensors and young embryo; the distinctive apical cell in B is no longer in

evidence (redrawn from Land). D-G, Actinostrobiis pyramidalis. D, Walls have
been formed in the four-nucleate proembryo. E, After some further nuclear divi-

sions, the embryonic initials have been delimited. F, The suspensors have now
elongated. G, A four-celled embryo ( x 250; D-F, after Saxton; G, after Looby
and Doyle). H-M, Jimiperus communis. Stages in the development of the cleavage

proembryos {see Text) (redrawn from Cook). N, Sa.\egothaea conspicua. Walled
proembryo (x 215, after Looby and Doyle).
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the base of the archegonium. The nuclear dispositions seem to be

determined by the shape and size of the archegonium. Cleavage poly-

embryony is general and is evident at an early stage. The mature

embryo has two cotyledons (Buchholz, 1932; Doak, 1937; Sugihara,

1938, 1939).

The section of the Cupressaceae represented by Actinostrobus and

CaUitris shows some curious and interesting variants of the general

pattern of gymnosperm embryology. In Actinostrobus (Saxton, 1913),

the archegonia, in groups of twenty-five to thirty, are formed laterally

in the gametophyte, i.e. the transverse plane of the archegonium is

aligned with the axis of the gametophyte. The microgametes traverse

the nucellus laterally, two adjacent archegonia being fertilised by the

contents of one pollen tube. Many of the archegonia remain unfertilised

and soon degenerate. When the zygote nucleus divides, the two

daughter nuclei are aligned on the long axis of the archegonium. The

further nuclear divisions are such as to yield two cells next the arche-

gonial neck (which undergo no further development and soon dis-

appear), and four embryonic initials. Fig. 46d-g. These four cells

appear to be polarised in the transverse plane for each of them forms a

small distal initial cell and four very large suspensor cells. Fig. 46f,

four embryos being usual in this genus. The details obtained by Looby
and Doyle (1940) for the proembryo of CaUitris are somewhat similar.

The further development of Actinostrobus is characterised by the very

great elongation of the suspensor, by the absence of a rosette, by the

division of the embryo initial cell by two vertical walls, so forming a

tier of four cells (no apical cell has been recorded), and by the elabora-

tion of the secondary suspensor. The cotyledon number is usually two

and the shoot apex is broad and massive. The peculiar features of the

embryonic development, then, appear to be largely consequential on

the position of the archegonia. From the developments outlined above,

the physiological gradients in the axis of the prothallus appear to be

more potent in the embryonic development than are gradients in the

long axis of the archegonium. In a recent comprehensive account of

CaUitris Baird (1953) has noted that the ovule is pollinated long before

the appearance of the megaspore mother cell, that the mature pro-

thallus is long and narrow, that the archegonia are formed laterally

and aligned along the pollen tube and that the embryogeny is essentially

the same in Actinostrobus and CaUitris.

In Juniperus communis there are no unusual features in the pro-

embryo development: it consists typically of three tiers with four

distal initial cells. Some curious and unique developments, however,

have been observed in the four cleavage embryos. The terminal and

subterminal cells, which in other gymnosperms would comprise the
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small embryo initial and the enlarging subjacent suspensor respectively,

both elongate, Fig. 46h-l. Johansen (1950) regards each of these cells

as a potential embryo initial. Sometimes the cells of the subterminal

tier grow more rapidly and push aside those of the terminal tier, but

usually the latter hold their own. They elongate and become lobed

distally. Nuclear division, providing a nucleus for each lobe, may
follow, or the nucleus may enter one lobe which then grows ahead of

the other lobes. After a cell has elongated, the nucleus divides; one
daughter nucleus occupies the small distal cell, the other the elongated

suspensorial segment. In this way the distal cell may add new elongated

segments to the intertwined suspensor. Fig. 46k. These developments

impose a delay in the organisation of the embryo proper. However,
the distal cells of those embryos which have penetrated deeply into the

prothallus eventually enter on a new phase. This is characterised by
the formation of a mass of meristematic cells and is the beginning of

definitive embryo formation. The actively growing apical cell produces

a broadening mass of meristematic cells, below which the single

suspensor cell becomes greatly distended radially. Fig. 46l. As the

embryo enlarges, cells in the subapical region elongate and form the

massive secondary suspensor, Fig. 46m. The latter more or less effectively

obliterates the embryos which lie behind it. Mature embryos have

usually two cotyledons (see Cook, 1939).

PODOCARPACEAE

In Saxegothaea conspicua the archegonium is an elongated structure

with a narrow pointed base. The four free nuclei from the first two
mitoses of the zygote nucleus move into this basal region and again

divide twice, the sixteen nuclei (approximately) being disposed in some-

what irregular tiers (Looby and Doyle, 1939; Doyle and Looby, 1939).

These tiers, which occupy only a small part of the archegonium,

include an upper one of three to five nuclei, open above to the cyto-

plasm of the proembryo, an adjacent tier of three to five cells which will

elongate and become the primary suspensor, and a conical mass of

some six to ten embryonic cells at the base of the archegonium, the

most distal cell being an apical initial. Fig. 46n. Some of these cells

become binucleate and persist for some time in this condition, but

partition walls are eventually laid down. The subsequent embryogeny
is usually characterised by the absence of cleavage polyembryony

—

though that may sometimes occur—by the elongation of the suspensor

cells and the early collapse of some of them, and by the early formation

of abundant embryonal tubes.

In several species of Podocarpus there is the unusual feature that

fertilisation only takes place after the 'seeds' are shed from the plant,



Fig. 47. Podocarpiis totana

Longitudinal section of ovule, showing developing embryo with suspensor pene-

trating the prothallus ("endosperm") ( x 22, after Buchholz).

Fig. 48. Embryos of Podocarpaceae

A, B, Podocarpiis urbcmii. A, Two embryo systems with prosuspensors {ps) bearing

two and three binuclcale cells. B, Three embryo systems, the longest with three

embryos developing massive secondary suspensors from embryonal tubes {et)\

many small embryos are present at the ends of prosuspensor cells (x 45). C,

P. totana. A later stage in the embryogeny, characterised by the formation of a

massive distal region and secondary suspensor ( \ 80). D, H. P. hallii. Later stages

in the organisation of the embryo proper (after Buchholz). F, G, Phyllocladiis

alpiiuis. Four- and eight-nucleate proembryos (x 925; from Johansen, redrawn

from Kildahl).
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but pollination has already taken place. In the proembryo phase,

eight free nuclei are present in the base of the archegonium. The

several species of Podocarpus show differences in the arrangement of
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inverted pyramid, and on the completion of wall formation there are

tiers of 5, 4, 3, 3, 1 or 6, 4, 3, 2, 1 cells, the uppermost 5 or 6 being

cells which are open above to the cytoplasm of the proembryo. All

the nuclei again divide: the upper tier produces five or six prosuspensor

(suspensor) cells, and an equal number of nuclei which degenerate;

the nine to eleven cells below, which on the elongation of the pro-

suspensor are seen to constitute the embryo proper, become binucleate,

a feature already noted in Saxegothaea. This binucleate condition of

the embryonic cells is also common to Podocarpiis and Dacrydium.

Comparative studies show that the principal differences in the embryo-

geny of the several genera and species can be referred to the relative

developments of the suspensor and the binucleate embryonic cells.

This is illustrated in Fig. 49 and in the accompanying Table (after

Buchholz, 1941): the larger the suspensor, the smaller the number of

distal embryonic cells.
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a common ancestry. The more primitive order, the Cephalotaxaceae,

will be treated first.

The archegonia of Cephalotaxus, usually four in number, are long,

narrow, and pointed at the basal end. At the thirty-two celled stage,

the proembryo of Cephalotaxus drupacea is long and narrow, is closed

in by walls at the upper end, and is without regular tiers, Fig. 5 Id, e.

The upper cells constitute a rosette; the adjacent cells function as

suspensor cells; and the distal embryonic region of the proembryo has

a longish sterile cap cell which subsequently degenerates. The embryo

apex is multicellular. There is no cleavage polyembryony, but the

rosette cells may give rise to small embryos, these being without

terminal caps. The presence of the distal cap cell has been associated

with the suppression of cleavage polyembryony. The later development

shows no exceptional features, two cotyledons being usual. The shoot

apex is the last region of the embryo to be differentiated {see Strasburger,

1897; Lawson, 1907; Coker, 1907, Buchholz, 1925).

Taxus baccata, Torreya spp. and Austrotaxus are sometimes treated

as the Taxaceae, with Cephalotaxus in a distinct but related family.

In their gametophytic and embryonic developments, Taxus and Torreya

exemplify a high level in gymnosperm organisation. In both Taxus

baccata and T. canadensis the female gametophyte may or may not, in

different instances, have become cellular when the pollen tube reaches

it (Dupler, 1917; Saxton, 1936). The pollen tube may be in contact

with the prothallus when the free nuclei are still in the course of becom-

ing arranged round the megaspore membrane. A common but exceed-

ingly interesting development in this group consists in the upward out-

growth from the prothallus of a multicellular tubular organ—described

as the prothallial tube—which meets the downwardly advancing

pollen tube in the nucellar tissue. This curious structure is mentioned

or figured by various investigators, e.g. by Dupler (1917) in Taxus

canadensis, by Saxton (1936) in T. baccata, by Coulter and Land (1905)

in Torreya taxifolia, by Sahni (1921) in Cephalotaxus, and by Saxton

(1934) in Austrotaxus. In short, it is of occasional occurrence in all

Taxaceae. The interest of the prothallial tube lies in the fact that it

closely resembles the very curious and unique prothallial tubes in

Wehvitschia {see p. 219). It may further be noted that no trace of a

ventral canal nucleus has ever been observed in any species of Taxus,

or in Torreya taxifolia (Coulter and Land, 1905), but it has been observed

in Torreya californica by Robertson (1904).

The archegonia of Torreya are very small, those of Taxus a little

larger, and those of Austrotaxus twice as large and comparable with

those of Cephalotaxus. The number of archegonia is small, only one

per ovule being present in Torreya taxifolia. On the other hand, in



Fig. 50. Toneya mtcifera and T. taxifolia

A, Proembryo with two nuclei ( X 165). B, Four-celled proembryo ( x 180). C-E,

Older proembryos, with ten to eighteen cells, and showing the beginning of elonga-

tion in the cells of the suspensor (C, X 180; D, E, X 165; after Buchholz). F-L,

Torreva taxifolia. F, Fertilisation; the male and female nuclei are m contact, the

cytoplasm of the male cell being closely applied to the egg nucleus ;
the cavity in the

egg cytoplasm is caused by the inrush of the pollen-tube contents ; the non-functional

male cells, and the tube and stalk nuclei, are seen above. G, Two-celled pro-

embryo. H, Four-celled proembryo, with beginning of wall formation. J, Pro-

embryo shortly after partition walls have been laid down; the proembryo passes the

winter in this state. K, Cross-section through the suspensor cells. L, Proembryo

showing the elongation of the suspensor cells on the renewal of growth in Spring

(F-L, X 150; after Coulter and Land).
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Austrotaxus (Saxton, 1934), Taxus baccata (Mirbel and Spach, 1843;

Hofmeister, 1851; Jager, 1899; Robertson, 1904; Saxton, 1936),

Taxus canadensis (Dupler, 1917), several gametophytes may be formed,

i.e. as a result of the development of several megaspores. In Torreya

taxifoUa and other species, wall formation takes place at the four free

nuclear stage of the proembryo. In Austrotaxus nuclei in the basal

group become walled in about the 8-16 nuclear stage, while the others

remain as a free group in the cytoplasm above. Taxus baccata has a

similar proembryonal condition. In Torreya taxifolia the proembryo

completely fills the small archegonium; in other species it fills from one

half to two thirds but subsequently elongates to fill the whole space.

Except in Austrotaxus, this is the normal winter resting condition and

has been designated the hibernal embryo. On further development, the

uppermost cells, as in A. spicata, may constitute a rosette tier; the

adjacent cells elongate and form the suspensor whilst the distal end

consists of three multicellular tiers capped by a single apical cell. The

further embryogeny is not known. Taxus baccata shows comparable

developmental features, but the uppermost tier of cells degenerates

contemporaneously with the elongation of the suspensor (Jager, 1889;

Johansen, 1950). In Torreya nucifera. Fig. 50, and T. taxifolia, the

proembryo may consist of six to sixteen cells. On the renewal of growth,

apart from various anomalous developments, there is characteristic

cleavage polyembryony. The distal apex is typically multicellular and

produces many enlarging embryonal tubes, a thick secondary suspensor

being thereby formed. Fig. 51. The mature embryo has two cotyledons

(see Coulter and Land, 1905; Buchholz, 1940; Tahara, 1940;

Johansen, 1950).

Torreya and Taxus are highly specialised genera: Buchholz (1940)

regards the mature ovule of Torreya as 'the largest and most specialised

of those of all the conifers.' Torreya taxifolia, with only one small

archegonium per ovule, and various distinctive embryonic features, is

the most specialised species of the genus. Saxton (1934), in a phylo-

genetic scheme of the Taxaceae, considers that the five component

genera were all derived from the same prototype, Cephalotaxus, Taxus

and Torreya being indicated at the ends of three separate branches;

Amentotaxus leads on to Cephalotaxus, and Austrotaxus appears as a

connecting link to Taxus. Taxus, Austrotaxus and Cephalotaxus are

characterised by simple polyembryony, though Cephalotaxus has

determinate polyembryony in its small rosette embryos. Only in

Torreya, has cleavage polyembryony been retained. The prototype of

the order was probably characterised by cleavage polyembryony.

Saxton (1934) regards the Taxaceae as a distinct and well-defined family

of conifers, not closely related to any other family.



E

Fig. 51

A Torreva californica. Complex embryo system dissected from a fully enlarged

E Slighlly older slage; suspensor cells elongating x 100) (C, D, from Johansen,

redrawn from Coker).



214 EMBRYOGENESIS IN PLANTS

GENERAL COMMENT ON CONIFER EMBRYOLOGY

Buchholz (1950) has summarised the general state of knowledge of

conifer embryology as follows. Of the 50 or more genera of living

conifers, the embryogeny of about 80 per cent has been investigated to

some extent. The same general pattern of development is found in all

species of a genus, and in closely related genera the same pattern may
also be observed. Podocarpiis is exceptional. In this large genus many
diverse types of embryogeny occur; but within the sections of the

genus the relationships are comparable with those that obtain in the

genera of other families. The Podocarpaceae which have been described

as separate genera, Acmopyle, Pherosphaera, Dacrydium, Saxegothaea,

etc., have embryogenies that fit into the series shown by the different

sections of Podocarpiis. Thus, the embryological data may be used as

criteria in the taxonomiic diagnosis of genera, though several genera

may have embryogenies that are essentially alike. In the Araucariaceae,

all members of the family have the same type of embryogeny, with

simple polyembryony. As far as is known, the Podocarpaceae are

characterised throughout by the presence of peculiar binucleate cells

in the early embryo. Extensive embryological investigations have shown

that most conifers, formerly supposed to develop through simple poly-

embryony, have some form of cleavage polyembryony. Only the

Araucariaceae and certain scattered genera such as Thuja (excluding

Biota), several genera in Pinaceae, in Podocarpaceae and the Taxaceae,

develop with simple polyembryony. Cleavage polyembryony has not

afforded a precise taxonomic criterion as intermediate conditions are

known to occur. The origin and explanation of this phenomenon have

prompted considerable discussion and some disagreement, especially on

the question of whether it is indicative of a primitive or advanced

condition.

EPHEDRA, WELWITSCHIA AND GNETUM

The three genera Ephedra, Wehvitschia and Gnetum have been

placed in one order and one family by some taxonomists because they

share a number of important characters in common, namely, the

presence of vessels in the secondary wood, a compound strobilis in

both male and female, the extension of the inner integument into a long

micropylar tube, opposite leaves, absence of resin canals, and embryos

with two cotyledons (Chamberlain, 1935). In the contemporary view,

however, the Gnctales (or Ephedrophyta) of earlier classifications do

not constitute a natural group (Eames, 1952), a view expressed by

Bertand nearly eighty years ago. There is justification for raising them

to ordinal rank. Each genus is probably the contemporary survivor of
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a line of some considerable antiquity. The fossil evidence, however, is

conspicuous by its absence.

EPHEDRACEAE

There is only one genus in this family; some 32-35 species have

been described. Strasburger (1876), Land (1904, 1907), Berridge and

Sanday (1907), Berridge (1909), Khan (1943) and Johansen (1950) have

contributed to our knowledge of the gametophytic and embryonic

development. The ovule, typically with two archegonia, is a complex

structure with two integuments and a deep pollen chamber. Initially

the young archegonium has a neck cell and a central cell. The neck

cell gives rise to a neck of four, or even eight regular tiers, and after the

anticlinal walls have been formed the neck may consist of some 32

small cells somewhat irregularly disposed. The nucleus of the central

cell divides but no wall separates the ventral canal cell nucleus from the

egg nucleus. The ventral canal nucleus may remain near the neck or

may move down into the centre with the egg nucleus (Land, 1904;

1907; Chamberlain, 1935).

Johansen (1950) has extended the account of the embryogeny of

Ephedra trifurea as given by Land (1907). Eight free nuclei, described

as being somewhat unequal in size, are formed from the zygote nucleus.

These nuclei do not move to the basal region of the archegonium but

are unevenly distributed in the protoplasm. Three to five of the nuclei

become individually enclosed in somewhat irregular walls which later

become globular. Each of these globular cells is an embryo (or pro-

embryo); i.e. there is polyembryony without the cleavage phase that

is characteristic of so many gymnosperms. The nuclei which are still

free become arranged in a row down the centre of the archegonium, or

become scattered within it. The lower walled cells usually form embryos

successfully, and those near the micropylar end may also give rise to

embryos (Johansen, 1950).

In the globular proembryo the nucleus divides, the more basal of

the daughter nuclei becoming larger than the other. Fig. 52k. The

two nuclei now move towards the basal end of the cell and in proximity

to each nucleus a small protuberance develops. The protuberance

opposite the larger nucleus grows out into a tubular structure-

described as the suspensor tube—while that opposite the smaller

nucleus disappears. If the embryo cell is at the base of the archegonium,

this suspensor tube will penetrate downwards into the prothallus: if

the cell is higher up, the tube may grow outwards and then downwards.

Both nuclei now move into the tube and a transverse wall is laid down,

Fig. 52l. The upper nucleus moves backwards in the tube and dis-

integrates. A considerable elongation of the suspensor tube now takes
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place, the nucleate proembryo initial being thrust deeply into the pro-

thallial tissue. The embryonic cell divides, the proximal cell giving

rise to the suspensor (the secondary suspensor, according to Johansen).

This cell divides by a longitudinal wall, and the distal embryonic cell

by two intersecting obliquely longitudinal walls, an apical cell being

thereby constituted. As the result of further cell division the distal

region becomes more massive, Fig. 52m, n, the apical cell seemingly

functioning for some time but eventually losing its identity. Cells at the

proximal end of the embryo elongate to form suspensor cells. At about

this stage the suspensor tube loses its turgor, collapses and disintegrates.

Johansen regards this point as marking the transition from the pro-

embryo to the embryo proper. While several of the embryos may grow

for some time, usually only one comes to maturity. It is a dicotyle-

donous embryo of which the root is differentiated in proximity to the

suspensor. Under favourable conditions there is immediate germination

and the seedling becomes established during the same season.

In other species of Ephedra there are differences in the details of the

development and segmentation of the suspensor tube. In £". foJiata

only one suspensor tube is initiated, the nucleus remaining undivided

prior to tube formation. E. altissima is characterised by a very long

tube.

The order to which Ephedra belongs is widely separated from the

Welwitschiales and Gnetales {semu stricto). It may have been derived

from Cordaite stock or from an ancestral stock common to both the

Cordaitales and Coniferales (Schoute, 1925; Florin, 1939; Fames,

1952).

GNETACEAE

The embryogeny in Gnetum, of which some 30 species are known,

presents technical difficulties and consequently differences in interpreta-

tion have arisen. Differences between species have probably contributed

to this state of affairs. In the ovulate flower, the nucellus is surrounded

Fig. 52

A, Gnetumfiiniculare. Branching of suspensor tubes (from Johansen, after Haining).

B, C, E, Gnetum gnemon. Developing embryos (x 175; after Bovver). D, G.

moluccense. Several celled proembryo (after Thompson). F-J, W'elwitschla mira-

bilis. F, Three-celled proembryo. G, Nine-celled proembryo, with four initial

cells. H, Older stage; the cells of the inner ring are now considerably elongated,

and those of the outer cortical ring are beginning to grow. J, A slightly older stage

(see Text); p, pollen tube; ic, initial cells; icr, inner cortical ring; ocr, outer

cortical ring; c cap cells ( x 230, after Johansen, from Pearson). K-N, Ephedra tri-

fitrca. K, Proembryonic cell, with two nuclei and suspensor tube. L, The next

stage, showing a partition wall in the suspensor tube. M, Beginning of formation of

embryo proper; the distal regionof the suspensor tube has divided by transverse and
longitudinal walls. N, A later stage; the distal cells have divided by periclinal walls

(K, L, X 950; M, N, x 470; after Johansen).
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by three tissue sheaths or envelopes: by some investigators these are

referred to as an (inner) integument and two perianth members; by

others, as three integumentary structures ; and by yet others, as perianth

and outer and inner integuments. The growth of the inner integument

is such as to make for a long micropylar tube, as in Ephedra.

The gametophyte and embryogeny have been studied in some

detail in Gnetum gnemon. The megaspore (or embryo sac) nucleus

divides repeatedly within an enlarging cell, the free nuclei becoming

distributed in the wall layer of cytoplasm which encloses a large central

vacuole. This free nuclear condition persists, at least in the upper

region of the gametophyte, until after fertilisation, but some cellular

tissue may be formed at the basal end (Thompson, 1916; Chamberlain,

1935). An extensive nutritional tissue is formed below the base of the

gametophyte which lies deeply within the nucellus (Coulter, 1908).

There is no formation of archegonia in Gnetum but a number of nuclei

near the micropylar end become isolated within a cytoplasmic wall or

sheath and function as eggs. Male nuclei discharged into the female

gametophyte fuse with these egg nuclei, and this apparently acts as a

stimulus to the rapid formation of a cellular endosperm-Uke tissue

throughout the gametophyte, the cellular mass being particularly dense

at the basal end. There is no evidence that the 'endosperm' formation

is the result of a double nuclear fusion as in the formation of true endo-

sperm in angiosperms. The ensuing embryonic developments are still

insufficiently known, but a free-nuclear stage appears to be lacking.

The zygote develops into a two-celled body which grows out in several

conspicuous filamentous suspensors. Fig. 52a. Some of these may
branch and all have a densely protoplasmic apical region at which a

small distal embryonic cell is distinguishable. In parenthesis, it is at

about this stage that the seed is detached. The definitive embryo is

formed by the further development of one of the terminal embryonic

cells, but in the earlier stages a polyembryonic condition prevails. In

a species of Gnetum described by Thompson (1916), the fertilised egg

divides to give two or three cells, each of which grows out into a long,

usually uninucleate, downwardly penetrating filament. (To call these

long tubular structures 'suspensors,' as if they were suspensors and

nothing else, is misleading. The growing end of each such tube is

potentially embryonic; so each 'suspensor' is comparable in its morpho-

genetic potentiality with a cleavage embryo in coniferous embryology.)

In G. moJuccense the suspensors grow beyond the gametophyte into the

tissue at the base of the nucellus. Embryos, however, are developed

only within the endosperm. In G. gnemon and G. funiculare. Fig. 52a,

the filamentous embryos ramify widely throughout the gametophyte

tissue and are thus not in close association with each other, as are the
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cleavage embryos of conifers. Hence it is understandable that the pre-

dominance of one particular embryo may only be established at a much

later stage. Polyembryony, at least during the early stages, is a prevalent

condition in Gnetum.

The segmentation pattern shown in Fig. 52b-e has been observed in

the early development of the embryonic cell. The young definitive

embryo in G. gnemon has an apical cell which may apparently persist

for some considerable part of the further development. In this species

also, concomitantly with the development of the two cotyledons, a

lateral outgrowth appears on the side of the hypocotyl lying next to the

ground. This protuberance, which becomes a cyUndrical suctorial

organ, appears to be of both exogenous and endogenous origin, for,

according to Johansen, tissues of the hypocotyl epidermis, cortex,

vascular tissue and pith all participate in its formation. At a later stage

the embryo becomes cylindrical and has a somewhat massive many-celled

apical region, with elongating cells behind. The single embryo which

comes to maturity has two cotyledons, a long hypocotyl and a massive

lateral suctorial, or haustorial organ, described as a foot (Campbell,

1940).

Several of the pre- and post-fertilisation developments in the

Gnetales are strongly reminiscent of the corresponding developments

in angiosperms. It is unlikely, however, that the two groups constitute

a sequence within a single phyletic line, but rather that parallel evolu-

tion is involved.

welwitschiaceae

The very remarkable features shown in the vegetative development

and mode of life of the single species Welwitschia mirabilis are matched

by features in its fertilisation and embryonic development. In the

ovulate flower, the nucellus is encased within an integument which

becomes extended acropetally into a long micropylar tube, this in turn

being enclosed within a sheath consisting of two broad perianth scales

conjoined at their margins (Chamberlain, 1935; Campbell, 1940). The

development of the gametophyte, or embryo sac, which exhibits some

very peculiar features, is still rather imperfectly known. The work of

Pearson (1909, 1910) suggests that only one embryo sac is formed.

Within this enlarging cell there is abundant free nuclear division, so

that eventually a thousand or more (approx. 1024) free nuclei are

distributed through the enlarged ellipsoidal gametophyte. A majority

of these are subsequently found towards the basal end. Cell walls now

begin to appear, these dividing the embryo sac into large multinucleate

cells. Archegonia are not formed. The multinucleate cells show a

number of curious developments: the nuclei may divide, but more
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typically they fuse to form a single nucleus which may subsequently

divide. The uppermost cells of the gametophyte, which may be regarded

as being functional eggs, now begin to send out each an upwardly

directed tubular process. These processes penetrate the nucellar tissue

and eventually make contact with a pollen tube. The act of fertilisation

is said to consist in a movement of the female nucleus into the pollen

tube and a fusion there with a male gamete. The zygote thus formed

elongates and divides into two cells, that towards the micropyle being

recognised as the primary suspensor and the lower, or innermost and

downwardly directed cell, as the embryonic cell. There is thus no free-

nuclear phase. Still later, the organisation of the embryo is as is shown
in Fig. 52f-j. The tier labelled inner cortical ring grows basipetally

(relative to the embryo apex) and surrounds the primary suspensor.

The outer cortical ring cells then grow in a similar manner to those of

the inner cortical ring and in due course surround that tissue layer;

i.e. a cross-section would show the primary suspensor surrounded by

two rings of eight and sixteen cells respectively. A third and later, a

fourth, sheath of cells may be added to the suspensor, Fig. 52j. The
cap cells at the apex of the embryo undergo division but are later cast

off, as in Cephalotaxus. The several organs of the embryo are subse-

quently formed from an inner plate of meristematic cells, Fig. 52j,

situated below the cap.

DISCUSSION OF EMBRYOGENESIS IN GYMNOSPERMS

In attempting to distinguish factors which may be specially involved

in embryogenesis in gymnosperms, we may note that the following

observations and inferences have a general application.

(i) There is evidence of basipetal physiological gradients in the

female gametophyte, i.e from the micropylar end (which is usually the

archegonial neck end) to the basal end. These gradients may be

important in determining the polarity and orientation of the proembryo
and subsequently of the embryo.

(ii) At the time of fertilisation the ovum aflbrds evidence of proto-

plasmic differentiation, i.e. of structural or metabolic heterogeneity, as

between the upper or neck end and the basal end, the latter having the

greater morphogenetic potentiality.

(iii) The extent of free nuclear division is directly related to the

size of the ovum : where the latter is small, as in Sequoia and some other

genera, there is no phase of free nuclear division.

(iv) Both the proembryo and the embryo show polarity from the

outset. The proembryo is aligned along the axis of the prothallus;

the embryonic pole adjacent to the base of the archegonium becomes
the apical region, and the embryogeny is endoscopic.
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(v) The initial development of small embryos, i.e. those with no
free nuclear division, and of cleavage embryos, is essentially, and some-
times conspicuously, filamentous, the distal end being the region of
sustained protein synthesis and morphogenetic activity.

(vi) With the exception of the Cycadales, Ginkgoales and Gnetales,

cleavage polyembryony is a very general phenomenon. Abundant
nutrition no doubt makes polyembryony possible, but the phenomenon
should probably be referred to the action of gene-controlled enzymes.

(vii) In all gymnosperms, large amounts of nutrients are available

in the gametophyte and nucellus. The ovum is sometimes of very large

size and densely packed with storage materials; but even where the

ovum is small, the proembryo and embryo are surrounded by, and can
draw on, abundant supplies of nutrients during growth. The nutritional

status of the embryonic environment thus seems likely to be of great

importance in determining the development of the embryo. The very

extensive formation of suspensors is probably an indication not so

much by their functional importance as of the quantity and quality of
nutrients available during the initial post-fertilisation phase. Only
later, when a readjustment in the balance of nutrients may have been
effected, does the definitive embryonic development proceed, this

involving the formation of a bulky meristematic tissue mass. The
delayed formation of the definitive embryo in the gymnosperms is

reminiscent of the slow or belated organogenic development in some
pteridophyte embryos,

(viii) Size and form correlations are evident in gymnosperm
embryogenesis. Direct correlations have been observed between the

size of the seed, the size of the embryo, and the number of cotyledons.

The initial presence of an apical cell in some species and its disappear-

ance later may also be indicative of a size-structure relationship.

PHYLOGENETIC ASPECTS

No close resemblances can be indicated between the embryos of

gymnosperms and pteridophytes. Again, while some embryonic
developments in gymnosperms are of an angiospermous character, the

actual details are not to be matched in angiosperms: they suggest

parallel evolution rather than descent from a common ancestor (see

Chapter XVI, p. 323). While maintaining a strictly conservative

attitude in these difficult problems of phylogeny, an attempt should

nevertheless be made to indicate views that are not merely negative

and unconstructive. To this end we may note, in the first instance, that

gymnosperm embryos share the same general features as all other

embryos, i.e. the early determination of polarity, axial development and
a conspicuous meristematic and morphogenetic distal pole. On the
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general embryological data, then, the gymnosperms could share a

common ancestry with other vascular plants, the concensus of morpho-

logical evidence pointing to ancient ferns, or possibly ancient fern

prototypes, as the ancestors of the Phyllospermae. In their embryonic

shoot apices, these gymnosperms show the eusporangiate type of

construction. Other gymnosperm embryos are reminiscent of those

pteridophytes with apices of an intermediate character between the

eusporangiate and leptosporangiate organisations.

The inception of the gymnospermous phyletic lines may have

taken place during the Lower Devonian or even in Silurian times. In

a very general way we may perhaps envisage the ancestral forms as

members of a prototypic pteridophyte stock, some of which were in a

state of active mutation and therefore had a considerable potentiality

for morphological innovation. Some descendants from this ancestral

stock became elaborated as the eusporangiate ferns and others which

showed still more advancement along the same general lines became

the leptosporangiate ferns. There is evidence that some of these early

ferns soon advanced to the heterosporous condition, e.g. Archaeopteris

and Stauropteris. Among these ancient ferns, and also in species in

other lines in which the elaboration of the shoot rather than the leaf

was the conspicuous morphological innovation, were some in which

early genetical changes led to the differentiation of sex in separate

spores and sporangia, to heterospory, and to the retention of the

megaspore. Given these innovations at an early stage in the evolution

of vascular plants, important changes in the nature of the megaspore

and in the morphological development of the embryo would necessarily

follow, largely in relation to the impact of nutritional factors. And
assuming further genetical changes of other kinds, it becomes possible

to envisage how a number of lines, or phyla, of seed-bearing plants

could have originated from an early pteridophytic stock.



Chapter XIII

EMBRYOGENESIS IN FLOWERING PLANTS:
GENERAL SECTION

INTRODUCTION

EMBRYOGENESIS in flowering plants has long been a subject of special

interest to botanists. Historical accounts are available in the

writings of Sachs (1890), Soueges (1934), Johansen (1950), and Mahesh-
wari (1950), In the present book, considerations of space make it

essential that some selection be made from the vast amount of infor-

mation now available. The method adopted here has been to consider

the embryonic development of flowering plants in its more general

aspects as a first stage, then to sample different orders, families and
genera of particular taxonomic or other interest. Embryos showing

special features, anomalous and aberrant developments, etc., are then

considered. Developments which illustrate the effect of genetical

change, or the impact of factors which can be specified, are also

examined, together with relevant experimental data. Finally, the data

are considered in their causal and phylogenetic aspects. The writer's

task has been eased by the comprehensive surveys of angiosperm

embryology by Schnarf (1929) and Soueges (1934-1951) and by the

recent publication of Maheshwari's An Introduction to the Embryology

of Angiosperms (1950), and Johansen's Plant Embryology (1950).

Maheshwari's book, written in the tradition of Coulter and Chamber-

lain's Morphology of Angiosperms (1903), gives an account of the

morphology, histology and cytology of the antecedent events as well

as of the embryogeny proper. Readers are accordingly referred to this

work for an account of the development of the microsporangium and

megasporangium, the male and female gametophytes, fertilisation and

endosperm formation. Johansen's book is strictly confined to the

details and analysis of the embryonic development and is important in

that it affords a comprehensive survey of the embryology in all groups

of seed plants.

THE ENVIRONMENT OF THE EMBRYO

The environment of the embryo is the embryo sac, the surrounding

cell layer, and the tissues of the nucellus and integuments. The ovule

may be variously orientated with respect to its stalk, while the embryo

sac may be ellipsoidal or elongated, or bent round in various degrees.

223
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A longitudinal axis of the embryo-sac may be specified as passing

through the chalazal and micropylar ends, or through the antipodal

group of nuclei, the central fusion nucleus and the egg apparatus.

The micropylar end is morphologically the upper or distal end of the

embryo sac. There is support for the view that polar gradients have a

real existence in the embryo sac and that they are probably important

in the development of the embryo.

The embryo sac may be enclosed within a tapetum of specialised

cells, and these are probably important in the nutrition of the embryo

sac, the developing endosperm and the embryo. Although we know-

little about physiological conditions within the embryo sac—our

information being mainly of an inferential character, based on ana-

tomical and cytological observations—it seems improbable that the

distribution of metabolic substances in it is homogeneous. In Lobelia

tn'gona, for example, the nuclear condition and the cytoplasmic vacuola-

tion are noticeably different at the two ends of the elongated embryo sac.

Maheshwari (1950, p. 86) has illustrated diagrammatically several

different types of embryo sac, these varying in the number and dis-

tribution of their nuclei (from four to sixteen). In that the nucleus

controls the metabolism of the cytoplasm—it certainly produces

important effects in its own immediate vicinity—metabolic differences

in different regions of the embryo sac are to be expected. It may be

noted that not all embryo sacs contain nuclei of identical chromosomal

and genetical constitution and that they are not always disposed in the

same manner. In fact, a considerable diversity in the distribution of

nuclei in the embryo sac is found in different species. Moreover, some

female gametophytes are monosporic, some are bisporic and some are

tetrasporic in origin, according to the fate of the four nuclei derived

from the division of the megaspore mother cell. The different patterns

of nuclear aggregation in the embryo sac may also affect the embryonic

development.

As a working hypothesis, the embryo sac may be recognised as a

biochemical and biophysical system of considerable complexity.

Maheshwari (1950) has illustrated many different conditions in the

embryo sac. The supply of nutrients arriving by way of the chalaza

will tend to maintain a gradient from the antipodal to the micropylar

end. Notwithstanding the variety of detail in embryo sac formation

in different species, the eventual organisation is rather alike in all. At

maturity, the Polvgonum, Alliunu Fritillarla and Adoxa types, as

described by Maheshwari (1950), have all a three-nucleate egg

apparatus, an antipodal group, and two central, or polar nuclei

(fused); and in the other types the egg apparatus, at least, is of the

usual kind. In some genera, e.g. Peperomio, Plumbago, Plumbagella,
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Acalypha, etc., the organisation of the embryo sac is radically different.

In these genera it will, therefore, be interesting to see if the embryonic
development shows any special features, these possibly throwing light

on factors involved.

The immediate environment of the egg, or ovum, includes the

micropylar passage, by which the pollen-tube enters, the two synergids,

the adjacent embryo sac cytoplasm, the nucellar tissue, and, at ferti-

lisation, the contents discharged from the pollen tube. The synergids,

which initially have a cellular organisation with a vacuolated cytoplasm,

usually degenerate before, at, or soon after, fertilisation of the egg, but

they may persist in some species. They do not usually extend beyond
the limits of the embryo sac wall, but cases are known in the Com-
positae where they elongate and penetrate into the micropyle, and even

through and beyond it. The egg itself consists of the female nucleus

and surrounding cytoplasm, enclosed in a thin wall or pellicle, and
attached to the embryo sac wall near the micropyle. A small vacuole

may be present near the point of attachment, the nucleus being typically

situated at the other end, i.e. away from the micropyle. Though at a

distance, the antipodal cells may have an effect on the fertihsed egg.

The central fusion nucleus (or polar nucleus), from which the endo-

sperm is formed, may have important and, in different species, variable

effects in the embryonic development.

Embryo sacs with disturbed polarity have been described : Mahesh-
wari (1950) has summarised the relevant data.

The embryo sac is usually regarded as being devoid of appreciable

food reserves, presumably because of its growth to large size and its

eventual vacuolation. The considerable enlargement, however, is

itself indicative either of rapid growth of the surrounding cells, or of

the presence of osmotically active substances in the embryo sac.

Starch is commonly present in the embryo sac of some species. The
investigation of the storage materials in the embryo sac has been rather

neglected by embryologists intent on other details (Dahlgren, 1939).

In some species, e.g. Arachis, Tilia, Penstemon and Acacia, the embryo
sacs are so full of starch as to make cytological observations difficult,

while in Styphelia the egg tends to be obscured by the starchy accumu-

lations. In most species that have been investigated the starch content

becomes maximal about the time of fertilisation, and gradually decreases

during the embryonic development. In some species large quantities are

still present during endosperm formation. Even the egg apparatus may
show evidence of starch accumulation. The nutrition of the embryo,

by the general mechanism of the embryo sac tapetum, or by special

haustorial structures, is considered later {see Maheshwari (1950) for

references to the literature).
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THE ENDOSPERM

Contemporaneously with the zygotic development, another factor

becomes incident, namely, the developing endosperm. The central

fusion nucleus forms the endosperm on being stimulated by fusion

with a male nucleus. The endosperm is usually a triploid tissue but

instances are known of haploid endosperm, while tetraploid and

pentaploid endosperms are also known. In albuminous seeds the

endosperm typically grows much more quickly than the embryo.

Although the endosperm will, of necessity, be treated rather briefly

here, this tissue is very important in the development of the angiosperm

embryo. Thus far, a majority of the investigations of endosperm have

been undertaken from the anatomical and cytological rather than from

the physiological point of view. The endosperm in the Gramineae,

especially that of maize, has been extensively investigated from the

genetical point of view. Maheshwari (1950) has contributed a full and

interesting chapter on endosperm to which the reader is referred. The

extensive review by Brink and Cooper (1947) on 'The Endosperm in Seed

Development,' with its bibliography of 283 titles, should also be

consulted.

The evolutionary origin and morphological nature of the angio-

sperm endosperm are difficult subjects. It is doubtful if an understand-

ing of angiosperm endosperm can be gained by comparing it with that

in gymnosperms. The angiosperm embryo sac, whatever its phyletic

origin may have been, is a unique evolutionary specialisation; within it,

in the formation of endosperm, we may recognise a further innovation.

Whereas the fertilised ovum becomes activated and forms a polarised

embryo, the fertilised polar nucleus, which is usually situated near the

centre of the embryo sac, shows no such development. The differences

in physiological conditions at the micropylar end and in the centre of

the embryo sac may be slight, but they must be considered highly

important. Even in the Onagraceae, where the embryo sac has only

four nuclei, with three forming the egg apparatus and one the polar

nucleus, the latter, though fertilised like the ovum, does not form an

embryo but an endosperm. As the ovum and the polar nucleus are

genetically identical, as are also the two nuclei from the pollen tube,

the zygote and fertilised polar nuclei are also identical. Indeed, irrespec-

tive of its chromosomal constitution, the central nucleus typically yields

endosperm—a formless mass of cells, bearing no resemblance to a second

embryo. The various theories of the endosperm as an anomalous

embryo, though interesting notions, do not appear to lead anywhere.

The participation of a male nucleus in the inception of the endo-

sperm is a very general phenomenon. According to investigators such
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as Nemec (1910), the composition of a hybrid endosperm will be such

as to be adjusted to, or compatible with, the needs of the developing

hybrid embryo, the implication being that the nutrition provided by

the nucellus and embryo sac alone might somehow be inadequate.

Much could obviously be said both for and against this view. Some

young embryos may require a very delicately balanced supply of

growth-regulating substances and other metabolites, but it should not

be overlooked that the endosperm also draws all its nutrients from the

embryo sac and adjacent tissues. Certainly, where no endosperm is

formed the embryo soon stops developing and degenerates. By its

active nuclear division, cell formation and growth, the endosperm is

able to draw, like all actively growing tissues, on the materials in the

adjacent cells ; and this has the effect of surrounding the embryo with

a richly proteinaceous tissue on which it in turn can draw for its

further growth. Merely to indicate some of the elements of the problem

at once shows what a complex process embryogenesis really is. More-

over, while the embryo is developing, maturation is also proceeding in

the tissues surrounding the embryo sac, i.e. there is competition for

nutrients between the tissues within and outside the embryo sac (Brink

and Cooper, 1940, 1947).

During the development of the embryo and endosperm, the surface

of the embryo sac becomes actively absorptive, breaking down and

utilising the materials from the adjacent nucellar tissue. In various

species, the embryo sac may elongate into haustorial structures of a

remarkable kind. In these developments we may perhaps see some of

the innovations by which the flowering plants have become the most

advanced and highly elaborated members of the Plant Kingdom. In

some species, the endosperm forms extensive haustorium-hke structures.

(For a review of the many and varied embryo sac developments, the

reader is referred to Maheshwari, 1950.) How these diverse, post-

fertilisation embryo sac developments affect the embryogeny are

clearly matters to which plant embryologists might well devote much

attention and thought.

Rao (1938) has suggested that in those plants in which the embryo

grows rapidly from the outset and is early differentiated, the endosperm

tends to be non-cellular, cell formation taking place only at a later

stage. But where the embryo grows slowly, and where the seed typically

contains an immature and undifferentiated embryo, the endosperm is

cellular from the beginning, or quickly becomes so. Various examples

are cited of undifferentiated embryos which are surrounded by cellular

endosperm, e.g. Peperomia pellucida, Magnolia, Linaria vulgaris,

Sarcodes sanguinea (Oliver, 1890) and Striga lutea (Mitchell, 1915),

the last two species being parasites. Many species show early formation
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and differentiation of the embryo and in these the endosperm is free-

cellular at first, only becoming cellular later, Maheshwari (1950) has

countered Rao's suggestion by stating that there are many examples

which do not support this correlation. Nevertheless, some such

correlation is perhaps to be expected, but it might be qualified, in

different species, by the nutritional status of the ovule.

FERTILISATION AND EARLY EMBRYOGENY

In such a large systematic group as the flowering plants, with all

their diversity of gynoecium, placentation and ovule shape, there is

naturally a considerable variety of ways in which the male gamete

eventually makes contact with the ovum. The relevant details have

been surveyed by Maheshwari (1950). Here our primary concern is

with the formation of the zygote and the factors that determine its

initial and subsequent conformation. Figs. 53-55.

The actual gametic union seems to be a full and complete one and

considerably different from that recorded for many gymnosperms. In

some species, cytoplasm has been observed surrounding the male

nucleus. Male cytoplasm may also surround the ovum, and about this

time there may be disruption or disorganisation of the synergids. The

biochemical and biophysical situation at the time of fertilisation is

undoubtedly complex: many separate but inter-related events, some

at the microscopic level, but almost certainly many more that are quite

invisible, follow in rapid succession, e.g. the movement of the male

nucleus, and its changing shape as it comes into contact with, and is

absorbed into, the female nucleus. Yet it is an ordered complexity, for

out of it there regularly comes the characteristic development of the

embryo. Whether or not cytoplasm from the male gamete takes part

in the formation of the embryo—a matter of genetical importance—is

not definitely known.

Syngamy is followed by a period of rest, or, more probably, of

reorganisation, during which the large vacuoles at the micropylar end

of the ovum gradually disappear, and the cytoplasm round the nucleus

becomes densely homogeneous. The primary endosperm nucleus

usually divides a little before the zygote. The so-called 'resting period'

of the zygote may be only a few hours, e.g. 4-6 hours in the Compositae

and Gramineae, or many days, e.g. 14-15 days in Theohroma cacao.

It is a reasonable inference that polarity is determined in the un-

divided zygote, or even in the unfertilised ovum. The still undivided

zygote typically elongates in the axis of the embryo sac and small

vacuoles become uniformly distributed through the cytoplasm. With

some rare exceptions, the first nuclear division is followed by the

formation of a transverse wall ; i.e. as in pteridophytes, the first wall is at
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right-angles to the axis of the developing germ. Free nuclear division, as

in the proembryo phase in gymnosperms, has not been reported in the

angiosperms. In the two-celled embryo, the cell next to the micropyle is

known as the basal cell, and that which projects into the embryo sac as

Fig. 53. Capsella bwsa-pastoris

A classical example of embryogeny in a dicotyledon. Stages in the embryogeny

illustrating Soueges' system of analysis and nomenclature {see also Fig. 55). The

first transverse wall divides the zygote into an apical and a basal cell, ca and cb

respectively. The products of these two cells and their respective contributions to

the embryonic development are indicated; e, embryonic cell; su, suspensor; hy,

hypophysis; s, position of shoot apex (semi-diagrammatic, after Soueges). G,

Chelidomitm majits. Different types ofproembryo at the six-cell stage (after Soueges).

the terminal cell. The diversity in the early embryogeny of dicotyledons

and monocotyledons depends largely on the nature of the further

development of these two cells. The basal cell (i) may remain undivided

with or without subsequent enlargement, or (ii) it may undergo further

transverse divisions either {a) contributing to the embryo proper, or
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(b) not doing so. The terminal cell (i) may divide longitudinally, or (ii)

transversely, either (a) not contributing to the suspensor or (b) con-

tributing to it. The several possible developments of the basal and
terminal cells may be combined in various ways. Now, if we begin with

an elongating zygote in which the partition walls are laid down in

general conformity with Errera's law of cell division by walls of minimal

Fig. 54. Capsella bursa-pastoris

Later stages in the development of the embryo (after SchafTner).

area (modified in different species in relation to the gene-determined

metabolites present), then the several patterns of development indicated

above are what we might expect to find in a survey of a varied and
considerable assemblage of species.

THE SOUEGES SYSTEM OF CLASSIFICATION

On the basis of extensive investigations of angiosperm embryos,

Soueges has outlined a system of classification of embryonic develop-

ment based on the mode of segmentation (in particular, see Soueges

1937, 1938, 1939, 1949, 1951). In this scheme four emhryonomic types

are recognised: (1) fundamental types or archetypes; (2) secondary or

derivative types; (3) superposed types; (4) irregular types. The first

three are definable by the laws of embryonomy {see below), but the
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fourth type is not. Soueges considers that the third and fourth types

may be the resuh of hybridisation, the second the resuU of adaptation
by condensation or convergence. He also recognises two major
divisions, or periods. In the first of these periods, i.e. types 1, 2, and 3

above, the developing embryo obeys the laws of embryonomy : in the

second period only the terminal cell of the two celled proembryo obeys
the laws, and the basal cell is omitted from further consideration.

The first period comprises three series : in A, the terminal cell of the

two-celled embryo is divided by a longitudinal wall and is considered
the most primitive: in B, the wall of the terminal cell is longitudinally

oblique; in C, the proembryo consists of a linear series of four cells.

Three comparable series are also recognised in the second period.

Each period includes six megarchtypes, these being based on the

behaviour of the basal cell during the embryonic development. Johan-
sen has criticised this system on the grounds that it is based on a too
restricted survey of angiosperm embryos, and that the separation of
series A and B is debatable. His own scheme is that of types and their

variations. Soueges pays most attention to the terminal cell of the two-
celled proembryo : Johansen considers that both the terminal and basal

cells should be given equal consideration. In this work these matters of
embryo classification cannot be treated at length, but it is recognised

that their value may increase as our knowledge of the factors in embryo-
genesis increases.

SOME GENERAL ASPECTS: LAWS OF EMBRYONIC DEVELOPMENT

Johansen (1950) states that angiosperm embryology may be con-

sidered in terms of general embryology and special and comparative

embryology. General embryology might be further subdivided into

embryonic morphology (the static aspect, comprising the study of the

external form and internal structure), embryonic physiology (the

dynamic aspect, the emphasis being on growth), and embryogeny
(defined as the kinematic aspect, and comprising the major part of past

and contemporary embryological investigations). Embryogeny may
be further subdivided into embryogenesis (the origin of the embryo),

embryo-tectonics (the architecture, i.e. cellular pattern of the embryo),

embryogenergy (the destinations or functions of the embryo). In the

writer's view the several aspects of embryology should not be separated,

though, admittedly, it may be convenient to do so for some purposes.

At any particular stage, the form and structure of an embryo are the

result of antecedent gene-controlled metabolism, together with the

physical and other factors which become incident in the enlarging

embryo; and the way in which an embryo develops determines its

functional activities.
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Johansen (1950), following Soueges (1937), speaks of 'fundamental

laws of embryogeny' and states that there are 'certain characteristics

pertaining to embryos which partake of the nature of laws.'^ 'Since the

embryonomic laws are essentially specific, they provide the explanation

for the fundamental organisation of the embryo of a given species. . .
.'

'when the laws ofembryonomy for a given species have been determined,

they serve to define this species from the embryological standpoint.'

Soueges (1937) has made it clear that his laws of embryogeny are

'truly specific, proper to the species.' But once the primary, specific

laws have been established for a number of species, it becomes possible

to state general laws which serve to define embryonic types or gi"oups,

thus making possible a classification of embryos
—

'the supreme

objective of all embryological studies.' It would be true to say that

Soueges' laws relate to the data of descriptive embryology rather than

to the causes of embryonic development.

The laws of embryonomy are as follows : (Soueges 1937; Johansen,

1950).

The Law ofParsimony states that no more cells are produced by the

embryo than are absolutely necessary.

The Law of Origin states that in any species the sequences of cell

formations are established in a particular way and with such regularity

that the origin of any cell can be specified in terms of, or related to,

the earlier units of the sequence.

The Law of Numbers states that the number of cells produced by

different cell generations varies with the species and depends on the

rapidity of the segmentation in the cells of the same generation.

The Law of Disposition states that in the course of normal embryonic

development, the cells are constituted by divisions in clearly determined

directions and appear to occupy positions in accordance with the role

which they must play.

The Law of Destination states that, in the normal embryogeny of

any species, the cells of the proembryo give rise to clearly determined

parts, and always to the same parts of the embryo.

Commentary. If these laws are intended, as Johansen (1950, p. 95)

states, to 'provide the explanation for the fundamental organisation of

the embryo of a given species,' it may be doubted if they do, in fact,

achieve this aim. The progressive organisation manifested in the

1 The essential feature of a law, as generally understood in the natural sciences, is that it has

both a particular and a general application, and that it states the truth about related phenomena.

Law: Scientific and philosophic uses: In the sciences of observation, a theoretical principle

deduced from particular facts, expressible by the statement that a particular phenomenon always

occurs if certain conditions be present.

Laws of Nature: The order and regularity in Nature expressed by laws (1853). The con-

formity of individual cases to the general rule is that which constitutes a 'Law of Nature.'

(Shorter Oxford English Dictionary.)
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development of an organism is essentially due to gene-determined
physiological factors and to various physical and environmental factors.

The relevant fundamental laws would relate to the action and interaction

of these factors and would attempt to relate the energy involved to the

organisation developed. But the laws as stated do contribute to a
description of, and afford a formula for, the orderly embryonic develop-
ment.

Johansen considers that the law of parisimony may be the funda-
mental law and that all the others are derived from it. In this con-
nection we may note that Haberlandt (1914) laid emphasis on what he
described as the principle of economy of material and the principle of
efficiency as pervading all development in plants, the latter principle

being tantamount to a natural law. As stated by Johansen, the law of
parsimony might be felt to carry some teleological implication. The
law of origin calls attention to the fact that the embryogeny of any
species is usually characterised by great regularity and orderliness both
in the overall growth and in the sequence of cell division. This is, of
course, a very striking fact and one which should not just be taken for

granted. It is indicative of the very precise control of development by
genetical and other factors. The law of numbers takes cognisance of
the fact that each species has its own specific pattern of differential

growth and that this becomes apparent in the characteristic histological

pattern of the embryo. Johansen states that : 'The number of (cellular)

elements engendered conditions the rapidity of the segmentation ; it is

the essential factor of determination.' The writer would rather say that

gene-controlled metabolism and differential growth, together with the

various factors which become incident in the enlarging embryo,
determine the number and size of cells produced in different regions of
the embryo.

The law of disposition, as stated by Johansen, appears to have
teleological implications. With rare exceptions, the first division of
the elongating zygote is by a transverse wall. The next division in the

terminal cell may be either transverse or longitudinal. In many embryo-
logical works the segmentation of the enlarging embryo is treated

purely as a descriptive morphological study. This is an indispensable

initial stage : we must know what the growing embryo is like morpho-
logically and histologically before we can begin to explore the under-

lying processes. The whole study will gain in vitality and value in

so far as the visible anatomical developments are regarded as the result

of processes of growth, beginning with a zygote of specific constitution.

This law, as also the law of destination, once again reminds us of the

extraordinary precision and fidelity with which the histological pattern

is repeated during the individual embryonic development. There are
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occasional exceptions which are worthy of note. Thus, in Chelidonium

majus (CheUdoneae, a tribe of the Papaveraceae,) the wall dividing the

q q q q

Fig. 55. Embryonomic types

Diagrammatic indication of the five embryonomic types and the contributions which

the apical and basal cells of the two-celled proembryo make to the further embryonic

development; the region of the embryo derived from the distal cell is stippled. A,

The elongated zygote has divided by a transverse wall. B, C, Crucifer or Onagrad

type as in Ludwigia. D, E, Asterad type as in Lacluca. F, G, Solanad type as in

Nicotiam. H, J, Chenopodiad type as in Chenopodium. K, L, Caryophyllad type as

in Sagiiia. Soiteges' Terminology {see also Fig. 53). When the zygote divides by a

transverse wall, the distal cell (cellule apicale) is denoted by ca, and the proximal or

basal cell (cellule hasale) by cb. When the latter cell divides transversely the most

basal cell (cellule inferieure de la tetrade) is ci, and that above it is m (cellule inter-

mediaire de la tetrade). When the distal cell ca divides by two longitudinal walls,

the quadrants are indicated by <?; and when these divide transversely, the upper

and lower cells are indicated by / and /' respectively. Also when the apical cell ca

divides by a transverse wall, the distal segment may be indicated by cc and the sub-

distal segment by cd. When cc divides by a transverse wall, the distal segment is /,

and the adjacent segment /' (as in Soueges' Second Period Embryos).

basal cell may be orientated in almost any direction; and the sixteen-

celled proembryo may show any one of eight segmentation patterns.

Of these, four of the patterns can be referred to an inverted T-shaped
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tetrad, and the other four to a hnear tetrad, Fig. 53 (Soueges, 1936,

1937).

To explain the phenomena that underlie the law of destination in

terms of the process of growth may be indicated as one of the major
tasks in plant embryology. This law is closely related to the preceding

one. The determination of the relationships between the initial seg-

mentation pattern and the subsequent organogenesis has been described

as embryogenergy.

Embryonal Formulae. Soueges' classical demonstrations of em-
bryonic development have led to the general acceptance of his descrip-

tive formulae. These indicate the origin and relationships of individual

cells during the early embryogeny. The laws of embryonomy indicated

above relate to, and have their inception in, these formulae. The
formulae facilitate comparisons between embryos, and reveal at once
the essential histological similarities and differences. Fig. 55 illustrates

the system of lettering as proposed by Soueges.

EMBRYONOMIC TYPES

The cellular configuration of the embryo at the four-celled stage,

Fig. 55, and the part played by each of these cells in the organogenic

development, constitute the basis for a classification of embryonomic
types. Schnarf (1929), Johansen (1945, 1950) and Maheshwari (1950)

have distinguished five principal types of dicotyledon embryo.

I, The terminal cell of the two-celled proembryo divides by a longi-

tudinal wall:

(i) The basal cell plays only a minor part or none in the sub-

sequent development of the embryo.

Crucifer {or Onagrad) type. Fig. 55b, c.

(ii) The basal and terminal cells both contribute to the develop-

ment of the embryo. Asterad type. Fig. 55d, e.

II. The terminal cell of the two-celled proembryo divides by a trans-

verse wall:

{a) The basal cell plays only a minor part or none in the subsequent

development of the embryo

:

(i) The basal cell usually forms a suspensor of two or more cells

Solanad type. Fig. 55f, g.

(ii) The basal cell undergoes no further division and the sus-

pensor, if present, is always derived from the terminal cell.

Caryophyllad type. Fig. 55k, l.

{b) The basal and terminal cells both contribute to the development

of the embryo. Chenopodiad type. Fig. 55h, j.
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Johansen (1950) recognises a sixth type—the Piperad type—in which

the first wall is longitudinal or nearly so. He also substitutes the term

Onagrad type for Cnicifer type.

These several types are indicated diagrammatically in Fig. 55.

Various embryos from different orders are illustrated in Figs. 56-59.

Thanks to the investigations of Hanstein (1870) and Famintzin

(1879) and later of Soueges (1914, 1919), the embryology of CapseUa

bwsa-pastoris, though by no means generally representative, has

become a classical example of dicotyledonous embryonic development.

It also happens to be a useful and convenient 'teaching type' and as

such may be briefly described here. The first division of the zygote is

by a transverse wall. The terminal or distal cell now divides longi-

tudinally and the basal cell transversely, so that the proembryo consists

of four cells. The two terminal cells now divide by a longitudinal wall at

right-angles to the first, a quadrant stage being thus constituted.

Division of these cells by transverse walls yields the octant stage, the

distal region of the embryo now consisting of a small growing sphere.

Fig. 53c. The distal four octant cells on further development give rise

to the shoot apex and two cotyledons; and the proximal four cells to

the hypocotyl. All the eight cells enlarge considerably and divide by

periclinal walls, the outer cells forming the dermatogen, the inner ones,

after further divisions, giving rise to the periblem and plerome initials,

Fig. 53d. Contemporaneously, the two basal cells elongate and under-

go a number of transverse divisions, an elongated suspensor of 6-10

cells being formed. The proximal cell, i.e. the cell which is situated

close to the micropyle, becomes conspicuously enlarged and is usually

considered to have a haustorial function. The most distal of the

suspensor cells, which is contiguous with the spherical distal region,

continues to develop and functions as the hypophysis. This cell enlarges,

projects a little into the spherical distal region, divides by a transverse

wall and the two daughter cells by two vertical walls at right-angles to

one another, a group of eight cells being thus formed. Fig, 53d, e, f.

The most distal group of four cells forms initials of the root cortex,

while the proximal group gives rise to the root-cap and the root

epidermis, Fig. 54. The spherical embryo continues to enlarge with

further divisions of its constituent cells. As the cotyledons begin to

develop in the distal region, the spherical embryo becomes transformed

into a somewhat flattened cordate body. Both the cotyledons and the

hypocotyl now begin to elongate, chiefly by transverse divisions of their

cells; the nascent shoot apex consists of a small-celled region, situated

in the depression between the cotyledons. The root apex is meanwhile

becoming organised, and incipient vascular tissue can be seen in the

hypocotyl between the shoot and root apices. The enlarging embryo



Fig. 56. Embryonic development in dicotyledons and monocotyledons

A-E, Myosiirus minimus. A-D, The region derived from the apical cell (ca) of the

embryo is stippled. E, Embryo in transverse section. F-K, Liizidaforsteri. L, M,
Geum urbanum. Lettering according to the Soueges system; e, epiphysis. (A, B,

X 650; C, D, x 600; semi-diagrammatic, after Soueges.)
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begins to bend as it adapts itself to the curved embryo sac, Fig. 54

{see also Fig. 83).

In an investigation of the late embryogeny in Pisimi, Reeve (1948)

has shown that the epicotyl apex is initiated by periclinal divisions in

surface cells before the cotyledons are formed. During the early coty-

ledonary development a simple apical dome, with one or two tunica

layers and a shallow corpus, can be observed. At first the tunica

layers undergo frequent periclinal divisions and the apex enlarges; in

the fully developed embryo a well organised apical meristem of two

layers is present. In seedling and adult plants this apex becomes more

highly arched with three or four tunica layers, but its general organisa-

tion is as in the embryo. A rib meristem, which is first apparent in the

meristematic tissue of the embryo axis, is important in that it contributes

to the early rapid growth of the cotyledons. In the young cotyledons

the distal meristem is not a highly organised one, the cell divisions being

apparently at random. Root formation lags behind that of the shoot,

but the first columella tiers, from which the generative root meristem is

formed, can be distinguished about the same time as the epicotyl

initials. This kind of study is important because it emphasises the need

for a full re-examination of histogenesis in seed plants, beginning with

the young embryo. Here the reader may also be referred to a develop-

mental study of the apical meristem in different varieties of Avena

sativa at different temperatures by Hamilton (1948).

A critical analysis of the several embryonomic types will call for a

study of the factors which determine the specific distribution of growth.

The histological pattern is probably indicative of differential metabolic

activity in the embryo, cell division, according to D'Arcy Thompson

(1917), tending to restore equilibrium in the system. In any species it is

reasonable to suppose that the particular segmentation pattern is gene-

determined, for the different kinds, or intensities, of metabolic activity

in different parts of the embryo are ultimately to be referred to factors in

the hereditary constitution. But in that different reaction systems may

yield closely comparable embryonic cell patterns, the use of embryo-

logical data in taxonomy and other comparative studies should be

viewed with reserve in the present state of knowledge.

In the early stages there are no essential anatomical differences

between the embryos of monocotyledons and dicotyledons. Fig.

56F-K shows the development of a simple monocotyledonous embryo,

that o[ Luzula. The terminal cell divides longitudinally, as in Capsella,

and the basal cell transversely. A further longitudinal division in the

terminal cell at right-angles to the first yields a quadrant. The subjacent

cell also divides by a longitudinal wall. Later, as Fig. 56j shows, the

embryo becomes spherical, the upper cell-products of the basal cell



Fig. 57. Illustrating the diversity of form and structure of embryos

A-H, Ulmus americana (after Shattuck). J-L, Eriocaulon septaiigiilare. J, Two-
celled stage. K, Quadrant stage. L, Embryo from mature seed ( x 730, redrawn

from Smith). M-R, Sedum acre (redrawn from Soueges). S, Chenopodiiim bomis-

henricus{x 460, diagrammatic after Soueges). T-X,Tnfoliiim minus {T-Y, x 500;

W, X 350; X, X 180; redrawn from Soueges).
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contributing to the lower region of the embryo, i.e. the root and root-

cap. The embryo now begins to elongate and an indentation appears

at the junction of the single cotyledon and the hypocotyl, Fig. 56k, This

is the shoot apex. This series is representative of Luzida and other

simple monocotyledonous types. In the Liliaceae, e.g. Muscari, the

basal cell also contributes to the lower region of the embryo. In

Sagittaria the basal cell does not divide: it becomes distended and takes

no part in the formation of the embryo proper. In the formation of the

latter the terminal cell undergoes two transverse divisions. The distal

cell then divides longitudinally into quadrants and further longitudinal

divisions take place in the other tiers in a basipetal sequence. Later the

two most distal tiers give rise to the cotyledon, the subjacent tier to

the shoot apex, the next two tiers to the root and root-cap, and the

tiers belovv' to the suspensor. In such an embryo there is evidently a

locus of active growth in the distal region of the embryo. Although the

mature embryo in the Gramineae is a complex structure, the early

stages are simple and like some already described. These embryos are

considered more fully in Chapter XIV.

TAXONOMIC DISTRIBUTION OF THE EMBRYONOMIC TYPES

It is of considerable interest to know to what extent a classification

based on embryonomic types is in accord with one based on the usual

taxonomic criteria. The following Table gives some indication of the

distribution of the several embryonomic types in different orders and
families.

1

.

Piperad type:

Peperomia (Piperales-Piperaceae)

Balanophora (Santalales-Balanophoraceae)

Scabiosa (Asterales-Dipsacaceae)

Euphorbia (Euphorbiales-Euphorbiaceae)

2. Ouagrad or Crucifer type:

Godetia, Oenothera, Lythrum

(Lythrales-Onagraceae and Lythraceae; some Onagraceae,

e.g. Epilobium are exceptions)

Capsella, Alyssiim

(Cruciales-Cruciferae)

Myosurus

(Ranales-Ranunculaceae)

Euphorbia (Euphorbiales-Euphorbiaceae)

Mentha (Lamiales-Labiatae)



Fig. 58. Illustrating the diversity of form and structure of embryos

A-E, Sherardia arvensis (Rubiaceae), showing a curious development of the elon-

gated suspensor (x 290, redrawn from Soueges). F-J, Ribes divancatum (Saxi-

fragales: Ribesiaceae), showing a curiously irregular initial embryonic develop-

ment. K, Ribes aiireum. (F, x 225; G-J, x 260; K, x 225; redrawn from

Mauritzon.) L-O, Urtica pilulifera (Urticales: Urticaceae) (L, x 670; M-O,

x 420; redrawn from Soueges). P-R, Oxyspora paniculata (Melastomaceae)

(P-R, X 970; after Subramanyan).
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Veronica, Catalpa (Personales-Scrophulariaceae ; Bignoni-

aceae)

Lotus, TrifoUum (Leguminosae-Papilionaceae)

Ruta (Rutales-Rutaceae)

LiHum (Liliales-Liliaceae)

Juncus (Juncales-Juncaceae)

3. Asterad type

Senecio (Compositae)

Geum (Rosales-Rosaceae)

Erodium, Oxalis, (Geraniales-Geraniaceae, Oxalidaceae)

Polygonum (Polygonales-Polygonaceae)

Urtica (Urticales-Urticaceae)

Lamium (Lamiales-Labiatae)

Muscari (Liliales-Liliaceae)

Poa (Gramineae)

4. Solanad type

Includes genera from the Solanaceae (Gamopetalous Dicoty-

ledons), Papaveraceae, Linaceae (Geraniales), Hydnoraceae

(Aristolochiales)

(All these have been referred by taxonomists to an origin in the

Ranales.)

5. Chenopodiad type

Includes Chenopodium (Chenopodiales)

Polemonium (Polemoniales)

Myosotis (Boraginales)

(All these are either apetalous or gamopetaleous derivatives of

the Ranales.)

6. Caryophyllad type

Includes genera from the Caryophyllales, Fumariaceae

(Rhoeadales), Saxifragales, Lythrales, Sarraceniales, genera

of Leguminosae; and some monocotyledon genera.

While the classification of embryonomic types has no doubt its

place in descriptive studies, and may eventually be seen to possess a

more fundamental value, it appears to bear little relationship to

angiosperm taxonomy. Several embryonomic types and variations

may occur within a single family; and widely separated orders and

families may have embryos of the same type. This is clearly seen in

the Table above. In Hutchinson's phyletic scheme, the basic herbaceous
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order of Ranales is considered to have given rise to sucii orders as the

Cruciales, Lythrales, Piperales, to gamopetalous orders such as the

Personales and Lamiales, and, in part, to the Monocotyledons. In some

Fig. 59. Contrasted dicotyledon embryos

A-J, Daucus carota (Umbelliferae). The young embryo is markedly filamentous,

(after Borthwick) K-M, Sassafras variifolium (Laurales). The first division of the

embryo is by a vertical wall, and the embryo tends to be equidimensional

(X 240, after Coy).

genera of these orders embryos of the Onagrad type occur. The other

basic order, the Magnoliales, is thought to have given rise to the

Leguminosae, Rutales and Euphorbiales, and there also we find genera

with embryos of the Onagrad type. This type is also found in two
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monocotyledonous families, the Juncaceae and Liliaceae. In the

Asterad type are included embryos from families of Ranales and

Magnoliales and from monocotyledonous genera. In the Lamiales,

Gramineae and Liliaceae, both Onagrad and Asterad types have been

reported.

In his comprehensive survey of angiosperm embryology, Johansen

(1950) has attempted to assign each investigated species to its em-

bryonomic type, or variation of a type. This, indeed, appears to have

been the main object in the angiosperm section of his book. But

having done this, there is no general discussion of the data in their

phylogenetic application. He notes briefly that the data of special and

comparative embryology 'follow phylogenetic lines more or less but

there exists a certain degree of overlapping since species in very diverse

and totally unrelated taxonomic families may follow the identical

embryonomy' (p. 93). It may therefore be inferred that if the data of

angiosperm embryology have any value in phylesis, that value is

obscure and is unlikely to be revealed by morphological studies alone.

When Maheshwari (1950) considers the relation between embryology

and taxonomy, the development of the embryo is only one of his

twelve embryological criteria of comparison, all the others being

concerned with the inception of the male and female gametophytes

and the details of fertilisation. These other embryological criteria are

those which have proved of value in settling problems of taxonomic

relationship, the details of the actual embryonic development having

been used to a very limited extent only.

Soueges has expressed the view that because of the difficulty of

ascertaining the relationships of plants on the basis of their adult

form and structure, these being greatly affected by extrinsic factors, an

attempt should be made to discover what relationships they show

during development. As the early segmentations of the embryo are

mainly determined by internal factors, it is reasonable to assume that

the comparative study of embryos should be of value in taxonomy.

In Soueges view, the unit of classification is no longer the morphological

species but the embryonomic type. According to this conception, all

the species in a truly related group of plants would have embryos which

develop according to identical embryonomic laws. These laws should

be restricted to the first four cell generations of the embryo.

EXAMPLE OF A COMPARATIVE EMBRYOLOGICAL INVESTIGATION

Lebegue (1952), has tried to establish, on a strictly embryological

basis, the taxonomic relations between the Rosaceae and Saxifragaceae,

and between these two and other families, e.g. Cruciferae and

Resedaceae. In other words, he has asked: Do the embryological data
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admit of the two families being placed side by side, as if they were

derived from a common ancestral stock? Have they community of

origin with the Rhoeadales, all stemming from the Ranales, as

Hutchinson (1926) has suggested? Hutchinson regards the Archichla-

mydeae as diverging in two main lines, the Ranales giving rise to

predominantly herbaceous orders and the Magnoliales to predominantly

arborescent ones. He considers, however, that these two main phyla

'have often converged on similar lines and are associated in the same

family, as is probably the case in Rosaceae' (1926, p. 5). In his phylo-

genetic scheme, Rosales are derived from Magnoliales, and Rhoeadales

and Saxifragales from Ranales. Wettstein (1911), on the other hand,

views the Rosales as a comprehensive order, comprising Crassulaceae,

Saxifragaceae, Rosaceae and other families. Numerous affinities, in

fact, have been suggested for both Rosaceae and Saxifragaceae.

Because of the many close similitudes, vegatative as well as floral, the

separation of the two families is difficult.

When comparative studies of embryos are undertaken in the

interests of taxonomy, it is essential to define criteria of primitiveness

and of advancement. Following Milne-Edwards (1867) and Soueges,

Lebegue maintains that in a group of related species the most highly

evolved is that which shows greatest differentiation and maximal

division of labour, i.e. greatest individualisation (Soueges, 1936). At

the embryonic level, the most evolved species will be that in which the

embryo shows the earliest differentiation ; in other words, evolutionary

advancement is based on what has been described as the principle of

precocity.

Embryologically, the Cruciferae appear to stem from the primitive

Myosurus type in the Ranunculaceae, Fig. 56. In its possession of a

greatly swollen basal cell, Capsella bursa pastoris is quite exceptional in

the Cruciferae, all other investigated species having elongated filament-

ous suspensors. Fig. 60a-j. The principle of precocity is illustrated by the

fact that the hypophysis is formed in the fifth embryonic cell generation

in Cardamine, Fig. 60a-c, the fourth in Sisymbrium and the third in

Draba verna (the most evolved type). The systematic grouping based on

embryological criteria does not coincide with that based on the usual

floral criteria. Lebegue's explanation of this is that floral construction

is a considerably less ancient manifestation of evolution than the

primary development of organisms as revealed by the embryogeny.

The Resedaceae, Fig. 60k, l, resemble the Cruciferae in their

embryology but are more precocious. Indeed, the Cruciferous type of

embryology is found in a considerable number of polypetalous and

gamopetalous dicotyledons, the relationship thus indicated being in

close agreement with Hutchinson's phylogenetic scheme.



Fig. 60. Dicotyledon embryos, illustrating Lebegue's comparative study of

some orders of the Polypetalae (Dialypetalae) (see also Fig. 61)

A-C, Cardamine pratensis (x 270). D-F, Nasturtium officinale (x 270). G-J,
Barbaiea iuli;aris (x 340). K, L, Reseda lutea (x 340). M-R. Spiraea ulmaria
(X 450). S-V, Potentilla aurea. (S, T, X 450; U, x 340) (after Lebegue).
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The herbaceous and woody Rosaceae show considerable differences

in their embryological characters. Ahhough the herbaceous Rosaceae
show a considerable range in their floral morphology, they exhibit a
remarkable similarity in their embryology. That of Geum urbanum.

Fig. 61. Dicotyledon embryos as in Fig. 60

A, Poterium sanguisorba (x 250). B-D, Crataegus oxyacantha (x 340). E, Mains
communis (x 450). F-H, Saxifraga caespitosa (x 235). J, S. cotyledon (x 340).

K-N, Peltiphyllumpeltatum{K-M, x 340; N, x 270). O-Q, Penthorum sedoides

(x 410) (after Lebegue).

Fig. 56l, m, may be taken as typical. The apical, or terminal, cell of

the two-celled proembryo gives rise to the cotyledons and epicotyl

only, all the rest of the embryo, including the hypocotyl, root, root-cap

and suspensor, being products of the basal cell. In these species of

Rosaceae, the terminal cell is divided by a first and then a second oblique

wall, a distinctive apical cell, apical cell group or epiphysis, being thus



248 EMBRYOGENESIS IN PLANTS

formed. This cell persists for some time, but later it is subdivided into

small cells which yield the elements of the dermatogen and periblem.

On embryological grounds the woody Rosaceae are held to be the

more primitive. Malus, Fig. 61e, Pyrus and Crataegus, Fig. 61b, D, are

low in the evolutionary scale; Fragaria, Potentilla, Fig. 60s-u, and

Geum are high; and Spiraea, Fig. 60m-r, is the most advanced of all.

Rosa and Rubus occupy a middle position. In Lebegue's view, the

subdivisions of the Rosaceae might well be raised to higher rank, e.g.

to familial rank. In embryological comparisons, there is a greater

difference between Spiraea and Crataegus than between the Cruciferae

and Resedaceae, or between Saxifragaceae and Crassulaceae. Lebegue's

studies do not lead him to suppose that the Polycarpicae, based on the

type o^Myosurus, have any embryological community with the Rosaceae.

In the Saxifragaceae, e.g. in S. caespitosa, Fig. 61f-h, both the

body of the embryo and the greater part of the suspensor are derived

from the terminal cell of the two-celled proembryo. The early embryo-

geny is characterised by a linear series of cells, and would be assigned

to Soueges second period. In this and related species. Fig. 61j, the

basal cell of the suspensor becomes enlarged and divided by transverse

and longitudinal or obliquely longitudinal walls. Peltiphyllum peltatum,

at one time included as a species of Saxifraga, is characterised by a

curiously irregular suspensor. Fig. 61k-n, and Penthorum sedoides.

Fig. 6I0-Q, by a distended basal suspensor cell. The former species is

considered by Lebegue to be exceptional among the Saxifragaceae in

the matter of its embryogeny, in that both the basal and terminal cells

divide by transverse walls; and unlike Saxifraga, almost the whole

of the suspensor in Peltiphyllum is derived from the basal cell.

The basal cell, which has first divided transversely, subsequently

divides again in a variable manner, yielding a multicellular and some-

what asymmetrical suspensor. Certain irregular embryonic develop-

ments in Peltiphyllum are like the normal developments found in Geum.

From these comparative studies Lebegue concludes that Peltiphyllum

peltatum 'appears to have evolved secondarily from the floral point of

view in the direction of the Saxifragaceae,' but, as the embryological

investigations show, its origins are profoundly different.

With regard to the possible affinities of Rosaceae and Saxifragaceae,

Lebegue points out that although very close anatomical and floral

similarities are known (e.g. sections of the petioles of Saxifraga,

Spiraea and Alchemilla are practically identical, and Spiraea and

Astilbe show closely comparable floral development), the embryological

developments are quite different in the two families. Embryos of

Saxifragaceae belong to Soueges second period, those of Rosaceae to

the first period. The saxifrage embryonomic type, however, shows
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many resemblances to the Myosurus type, except that in the latter the

embryonomic laws apply to the whole of the proembryo, whereas in

the former they apply only to the further development of the terminal

cell of the two-celled proembryo, Lebegue justifies his (and Soueges')

classification of embryo types, as compared with Johansen's classifi-

cation, by the statement : 'What matters in an embryo is the embryonic

body which contains in its cells the future plant and its vital potenti-

ahties. The suspensor characters appear to be relatively less important

and should be treated as secondary and subordinate characters in a

classification.' The present writer does not entirely agree with this

view: the embryo grows as a whole and must be analysed as such.

From a comparison of the two series or lines, Cruciferae, Reseda-

ceae, etc., and Saxifragaceae, Crassulaceae, etc., Lebegue concludes that

these are parallel evolutionary series that could have evolved from a

common stock—the Ranales. These embryological studies, however,

do not yet admit of the construction of a phylogenetic classification.

Certain groups, e.g. Cruciferae, Resedaceae and Capparidaceae,

possessing embryos of the Myosurus type, are evidently closely related

;

but they are very different embryologically from groups considered by

taxonomists to be related to them, e.g. Papaveraceae and Fumariaceae.

ANOMALOUS EMBRYOS

Embryos, whether of dicotyledons or monocotyledons, with ano-

malous segmentation patterns, are important in that they emphasise the

fact that the embryo grows as a whole and that this integrated whole-

ness is the phenomenon of major importance. The cellular pattern,

though it exercises an effect, is essentially subordinate to the overall

growth development. Thus we may note that, notwithstanding the

numerous embryonomic types that have been specified on the basis of

the segmentation pattern, all of them at maturity share very much the

same organisation of cotyledons, shoot and radicle. Indeed, unless the

whole embryogeny had been worked out, it would be impossible to

relate the several organs and tissues to the initial segmentation pattern.

The constancy of destination of the cells derived from the four-celled

proembryo, as emphasised by Soueges, has been challenged by several

investigators, e.g. Borthwick (1931) and Bhaduri (1936). They argue

that in related species, or even in the same species, each cell of the

proembryo does not invariably give rise to the same part of the mature

embryo.

GENERAL COMMENTARY

Embryologists have now produced a mass of precise observations

on the embryonic development of a large number of species. Their
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investigations have demonstrated the exactitude and specificity of the

processes of embryonic growth, cell division and organogenic develop-

ment in many species. In these phenomena they perceive the working

of embryonomic laws. In each species, every cell division, as it were,

is meaningful in a high degree; and this indeed is true can we but

discover the meaning. Because of the specificity and regularity of the

embryonic segmentation pattern in each species, and, further, the

regularity with which cells in certain positions give rise to particular

organs or tissues—all visible expressions of the orderly working of the

genetical constitution—a classification based on embryology seems

reasonable and feasible. It is reasonable to argue that species with the

same general hereditary constitution will be closely comparable in their

embryonic development ; conversely, close similarities in the embryonic

development are an indication of taxonomic affinity. These proposi-

tions are borne out by the Cruciferae. Closely related families may also

be expected to have much in common in their embryonic development,

whereas unrelated families may show histological differences. The

basic question is: Are these arguments supported by the observed

facts?

In diff'erent species, because of diff'erences in their genetical con-

stitutions, the distribution of growth, and concomitantly the seg-

mentation pattern, may be different. In some species the zygote is

divided transversely into two almost equal cells; in others, the two

cells are very unequal in size and very different in their subsequent

development, i.e. in their metabolic activity. In general, the basal cell

contains substances which are osmotically active, whereas in the

terminal cells such substances are probably utilised in the synthesis of

protoplasm. Now, as a fact, we still know very little about the

constitution of biological reaction systems and the way they work.

Differently constituted reaction systems may yield closely comparable

segmentation patterns; and, on the other hand, comparatively small

metabolic differences may be attended by considerable diff'erences in

the early segmentation pattern. Thus quite small genetical differences

may cause considerable differences in the reaction system and, con-

sequently, in the cellular pattern. Until much more is known about

organismal reaction systems, and the effect on them of genie mutation

and other genetical changes, and on the resulting segmentation pattern,

conceptions of the kind advanced by Soueges and Lebegue must be

viewed with caution and reserve. For all we know, quite small and

perhaps relatively unimportant genetical differences may produce

considerable differences in the early embryogeny. If the developing

zygote is thought of as a specific reaction system, and if it is borne in

mind that the embryo grows as a whole, and that physical factors are
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closely involved in cell division and in the positions in which cell walls

are laid down, the morphological facts of embryology will gain in

value and this branch of botanical science will move forward into a

new and dynamic phase.

In the view of Maheshwari (1950), a knowledge of angiosperm

embryology throws little light on the ancestry of the group, though it

does indicate their probable monophyletic origin. He considers that

there are no fundamental differences between dicotyledons and mono-

cotyledons, features of a transitional or intermediate character being

present in both groups. Angiosperm embryology provides little that

enables us to relate this group to other subdivisions of the Plant

Kingdom, but the primitive families of the Winteraceae, Degeneriaceae

and Trochodendraceae, of which the general morphology and anatomy

have been studied by Bailey and his colleagues, may yield data of some

interest in this connection {see Chapter XIV).

THE SEED AND SEEDLING

In flowering plants, as in gymnosperms, the embryogenic process

culminates in the formation of the mature seed awaiting dispersal.

The form of the embryo within the mature seed, the construction of the

seed, the conditions under which it germinates, the estabhshment of the

seedling, and its morphology and anatomy, constitute the logical

extension of the work presented here. In this connection the reader

may be referred to Netolitzky (1926) and to recent papers by Corner

(1951) and Singh (1952). Factors determining the delayed germination

in economic seeds have been considered by Rose (1915). Longevity of

seeds under natural conditions and in storage has been considered in

a classical work by Ewart (1908); more recently it has been reviewed

by Crocker (1938) and considered comprehensively by Crocker and

Barton (1953). The reader is referred to the latter authors for recent

records and bibhographical details.



Chapter XIV

EMBRYOGENESIS IN FLOWERING PLANTS:
SPECIAL SECTION

THE embryonic developments in flowering plants may be studied

collectively, either by referring them to a number of embryonomic

types, or by considering them in the orders and families to which the

species belong, as Johansen (1950) has done. In this book no com-

prehensive systematic treatment of embryos will be attempted : rather,

a kind of sampling will be undertaken to see whether or not, in different

groups, or categories, there are associated embryogenic phenomena of

special or general interest.

EMBRYOGENESIS IN PRIMITIVE ANGIOSPERMS

Contemplation of the angiosperms prompts an inquiry into the

nature of the embryonic development in what taxonomists regard as

the most primitive orders and families : Do the embryos of the species

that have been investigated show any special features which, for

example, might be regarded as primitive ? Do they afford a clue to the

probable ancestry of the flowering plants ? Do they yield any evidence

that a classification based on embryology is ever likely to be feasible ?

These and other questions readily suggest themselves.

The whole subject of the phylogeny of the angiosperms bristles

with difficulties: the origin of the flowering plants is still a mystery.

As to which are the most primitive families of dicotyledons there may
still be some differences of opinion. According to Arnold (1947), the

evolution of the angiosperms may have begun to take place during the

Mesozoic era, and various seed-bearing predecessors have been sug-

gested as possible ancestors. (See Arnold (1938) for a short review of

Palaeozoic seeds.) But no fossil forms are known by which the flowering

plants can with certainty be related to lower groups. The angiosperms

of the Lower Cretaceous are very like those of today, some of them
having, indeed, been referred to living families, even genera. But the

more primitive types, or prototypes, which are of paramount interest

to the phylogenist, are still quite unknown. Species intermediate in

character between angiosperms and gymnosperms or pteridophytes are

also unknown.^ Walton (1940) has summarised the situation by saying

^ For a recent discussion of this matter, see Walton (1953). In this review he suggests that such
evidence as we possess points to the pteridosperms as the most likely progenitors of the angio-

sperms.

252
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that the fossil angiosperms—of which representatives of Fagaceae,

Moraceae, Menispermaceae, Magnohaceae and Lauraceae have been

observed in early Cretaceous strata—yield no information as to the

ancestry of the group beyond what is already provided by living

representatives. Along similar lines, Bailey and his colleagues (1942,

1949, 1951) have approached the general problem of angiosperm

phylogeny on the assumption that very few orders of flowering plants

have become completely extinct, and they have turned to the very

curious floral characters found in the Degeneriaceae and related

families for evidence of the early features of angiosperms. (The

Winteraceae, to which the Degeneriaceae are related, are placed by

Hutchinson (1926) in the Magnoliales, his first order in the Archi-

chlamydeae.) Here, our special interest lies in the embryogeny in

these primitive angiosperm species. At least one set of observations is

available from a study by Swamy (1949) of Degeneria vitiensis. Fig. 62.

In D. vitiensis the ovule is anatropous, with an outer and inner

integument, and an embryo sac with the normal organisation of eight

nuclei. There is double fertihsation and cellular endosperm formation.

The zygote divides only after about 300 endosperm cells have been

formed. The embryonic development is illustrated in Fig. 62. The

first division of the zygote is a transverse one, but thereafter the develop-

ment of both the terminal and basal segments does not follow an exact

pattern and may be variable and somewhat irregular. On further

development, the embryo becomes a bulky, mukicellular, club-shaped

structure, with no sharp distinction between the distal formative region

and the massive basal suspensor. At this stage, there is still no indica-

tion of tissue differentiation. The whole development is thus on the

massive eusporangiate basis found in primitive ferns and in gymno-

sperms. Later, the embryo usually forms three cotyledons (87 per cent)

and sometimes four (13 per cent); there is a bulky and somewhat

bulbous hypocotyl, a root and a root-cap. At this stage a procambial

tissue is also differentiated. The embryo is very small relative to the

endosperm. The consistently tricotyledonous condition (with occasional

tetracotyledonous seedlings) in Degeneria is a very remarkable feature

:

no dicotyledonous embryos were observed in some 310 seeds. In

Magnolia grandiflora tricotyledons may be found as occasional abnor-

malities (Earle, 1938). The embryogenies in various genera of Magno-

haceae show a number of points of similarity with Degeneria, e.g. the

plasticity of the segmentation pattern, the organisation of an ovoid or

club-shaped, undiff'erentiated embryo, the development and persistence

of the massive suspensor, the swollen hypocotyl, the nearly triangular

shape of the cotyledon, and the relation of the small embryo to the

very large endosperm (Maneval, 1914; Earle, 1938; Swamy, 1949).
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Swamy notes that tricotyledonous nodes are of not infrequent occur-

rence in large populations of seedlings of Magnoliaceous plants.

Bailey, Nast and Smith (1943) consider that the Degeneriaceae,

B

Fig. 62. Embryogeny in primitive dicotyledons

A-H, Degeneria titiensis (A-G, x 283; H, x 90; after Swamy). J, L, Cercidi-

phyUiun japoiiiciim (x 560, after Swamy and Bailey).

Himantandraceae and Magnoliaceae should properly be regarded as

three distinct but closely related families, all presumably being coin-

prised within the order Magnoliales.

In Trochoclcfidron and Tetracentron, Nast and Bailey (1945) have

noted that the endosperm constitutes the greater part of the seed, the
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embryos observed being small and undifferentiated, or at the incipient

cotyledonary stage. The full details of the embryonic development have

yet to be ascertained. A somewhat similar account has been given of

the seed of the vesselless dicotyledon Amborella trichopoda (Bailey and

Swamy, 1948). Amborella was originally placed in the Monimiaceae,

but Bailey and Swamy consider that this requires much more evidence

before it can be accepted. The embryogenies of the nine surviving

genera of vesselless dicotyledons merit investigation, {see Bailey and

Nast (1945) for a discussion of the Winteraceae, etc.)

In Cercidiphyllutn japonicum the zygote divides transversely and the

terminal cell again divides transversely and then longitudinally. The

basal cell becomes a swollen suspensor cell, while the terminal cell

gives rise to a globular cell mass. Fig. 62j, l (after Swamy and Bailey,

1949). Meanwhile the embryo sac has elongated greatly. The cellular

endosperm is characterised initially by dense protoplasm at the chalazal

end. This genus was formerly associated with several others {Trocho-

dendron, Tetracentron, etc.), but the anatomical evidence, including the

embryology, 'provides no cogent arguments for including this genus in

any particular family of the dicotyledons.' It should be placed in an

independent family on its own. There are no very close resemblances

between the embryos of Cercidiphyllum and of Degeneria. (For a

discussion of the taxonomic relationships of primitive dicotyledons,

see Swamy and Bailey, 1949.)

Sassafras variifoliiim (Laurales), a primitive dicotyledon, belongs to

a genus with as long a fossil history as any angiosperm known in

N. America (Coy, 1928). In chronological records it is preceded in time

by Populus, Liriodendron and Magnolia. The embryo sac is of the

normal eight-nucleate kind and after fertilisation there is rapid endo-

sperm formation. The zygote may divide either by a transverse or by

a longitudinal wall, i.e. the plane of division is not definitely fixed. In

its subsequent development the proembryo tends to be massive and

flattish, with a somewhat inconspicuous short wide suspensor. Fig.

59k, m. The mature embryo has massive cotyledons with auricles, a

plumule bearing small leaf primordia, and a flattish radicle. The

development is thus on a massive basis. Johansen (1950) states that

this embryo shows close agreement with the Scabiosa variation of the

Piperad type. In Leitueria fioridaua the first wall of the zygote may be

transverse or vertical. The embryo develops a massive suspensor and

the pear-shaped embryo consists of hundreds of cells before there is

any evidence of cotyledon formation (Pfeiffer, 1912). This genus is

difficult to associate with any specific group in the Archichlamydeae.

In Moringa oleifera (Capparidales) an embryonic development not

unlike that in Degeneria has been observed (Puri, 1941). There is
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considerable endosperm formation before any development of the

zygote takes place. The segmentation of the embryo is somewhat

irregular and results in the formation of an undifferentiated ovoid,

bulbous embryo, with a massive suspensor which grades into the

embryonic region. On further growth, the ovoid embryo becomes

em

B

PCQ,-.

Fig. 63

A, B, Grerillea robusta (Proteaceae). A, Two-celled embryo surrounded by endo-

sperm. B, A later stage; the embryo is now spherical; there is no suspensor (A,

X 300; B, X 225; after Brough). C-F, Embryos of Leguminosae. C, Rothia tri-

foliata. D, Sesbania aegyptiaca. E, S. graiidiflora. F, Vigna catjang (C, D, F, X 187;

E, X 133; after Rau).

bilobed distally, the plumule and two cotyledons become organised,

and a root primordium is differentiated. The two cotyledons tend to be

unequal in size, i.e. in width, the larger one, though single at its point of

conjunction with the hypocotyl, becoming two-lobed distally. In fact,

there is what appears to be a nascent but unrealised tricotyledonous

condition; this may be correlated with the general massive basis of the

embryonic development. According to Compton (1913), polycotyle-

dony is very rare in angiosperms, many of the reputed examples being
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instances of schizocotyly : however, tricotyledons are known to occur

in species of Persoonia (Proteales : Proteaceae), Nuytsia and Loranthus

(Compton, 1913) and in Eugenia hooked (Myrtales: Myrtaceae)

(Johnson, 1936).

The Ceratophyllaceae and Nymphaeaceae are similar in their

embryogeny : in both the suspensor is absent and the maturing embryo

is characteristically many-celled and bulky.

In Grevillea robusta (Proteaceae) the division of the zygote begins

rather late when the endosperm is well developed. The first division

is by a transverse wall, but no suspensor is formed. The next division

is at right angles to the first and on further, approximately rectangular,

divisions the embryo becomes flattened oval in shape and then disc-like.

Periclinal divisions yield a dermatogen and a central tissue mass.

Later, two cotyledons, a plumule and a radicle are organised, and

incipient vascular tissue is differentiated within. Fig. 63a, b (Brough,

1933). In Protea lepidocarpon, the embryo also passes through a

globular stage like that of Grevillea, and in it also there is no suspensor

(Ballantine, 1909). Special interest attaches to the systematic affinity

of the Proteaceae. In Engler's arrangement, and also in Rendle's, they

are associated with the Santalales; in Hutchinson's with the Thymeh-

aceae; and in Balfour's with the Rosales. On the embryological and

other data for Grevillea, Brough considers that the simplicity of the

Proteaceae may be primitive and, if so, that affinities with an order

lower in the scale than the Thymeliaceae would have to be sought.

It may here be noted that some features in the embryogeny are of the

kind found in primitive families related to the Magnoliaceae.

MORE ADVANCED DICOTYLEDONS

In Chapter XIII a considerable number of representative embryonic

developments among polypetalous dicotyledons have been illustrated.

The aim in this Section is to ascertain if those dicotyledons, which

are held to be advanced on the criteria of floral morphology, show

embryonic developments which support this view, or otherwise have

features of special interest.

In some primitive dicotyledons, as indicated in the foregoing

Section, the suspensor may be relatively inconspicuous, grading into

the embryo proper. In other dicotyledons this organ is liable to undergo

various modifications. The large ellipsoidal suspensor of Capsella,

Fig. 54, has already been noted as being quite exceptional in the

Cruciferae; so also is that of Penthorum, Fig. 6I0-Q, among the

Saxifragaceae (Lebegue, 1952). Elongated suspensors are common in

certain polypetalous families and may be very striking in some

Sympetalae. In Salvia splendens the filamentous proembryo elongates
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both into the endosperm and into the micropylar endosperm

haustorium (Carlson and Stuart, 1936). In some species the suspensor

cells show remarkable growth and development, sometimes into

haustorial structures. Among the Leguminosae, some species of which

have greatly reduced or no suspensors, Pisimi, Fig. 64d, and Orobus

have greatly elongated pairs of multinucleate, saccate, basal suspensor

cells. In Lupinus and Cicer, Fig. 64b, e, the suspensor is a very long,

enlarged, multicellular, filamentous structure. In L. pilosa some of the

more basal of these cells may become rounded off and lie detached

near the micropyle. Ononis, Fig. 64g, has a long filamentous suspensor,

the cells being full of food reserves. Phaseohis, Fig. 64c, has a massive

cylindrical embryo, without any sharp distinction between the suspensor

and embryo proper. This embryo affords a remarkable illustration of

an acropetal gradient of cell size. Cytisus, Fig. 64f, has a suspensor

consisting of a spherical aggregate of swollen spherical cells. Rau

(1953) has illustrated an embryo of Cwtalaria striata in which the

suspensor develops a large number of tubular cells which become

associated with the endosperm.

Among the Rubiaceae the remarkable suspensor haustoria have

long been known. The suspensor is initially a filament of cells, but later

the most basal cells, next the micropyle, grow out as filamentous

structures which penetrate into the endosperm and become swollen at

their distal ends. Fig. 66. The haustorial function of these cells can

scarcely be doubted. Incidentally, they supply evidence of an indirect

kind that the embryo probably takes in its nutrients at the basal region

and translocates them to the distal formative region. Fagerlind (1937),

however, has indicated that these suspensor haustorial tubes may soon

become detached from the main body of the embryo, or they may soon

degenerate.

In Myriophyllum (Halorrhagidaceae) the large basal cell divides by

a longitudinal wall and each of the two daughter cells becomes greatly

distended. Fig. 65, filling the micropylar end of the embryo sac. A
somewhat similar development is found in Hypecoum (Fumariaceae)

but here the basal cell, and the lower segment of the transversely

divided terminal cell, are involved. Corydalis has also an enlarged basal

cell, in this case with several free nuclei, while in Fumaria the basal cell

and some of the lower segments of the terminal cell develop into a

multicellular foot-like structure. Fig. 65. in Sedwu acre, and other

members of the Crassulaceae, the basal cell becomes greatly enlarged

and forms an aggressive haustorium, Fig. 64a, the branches of which

penetrate the integuments and even the seed coat.

In Tropaeolum majus, the basal cells of the proembryo undergo

rapid relative growth, some of them giving rise to a long haustorial



Fig. 64. Modifications in the development of the suspensor in

various dicotyledons

A, Sedum acre. Apical portion of ovule, showing the embryo and suspensor; the

basal region of the latter has grown out into long, branching haustorial processes

(after Mauritzon). B-G, The suspensor in various Leguminosae. B, Lupinus

luteus. C, Phaseolus miiltiflorus. D, Pisum sativum. E, Cicer arietinum. F, Cytisiis

laburnum. G, Ononis fruticosus (after Guignard).
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process which pierces the integument in the micropylar region and

eventually enters the pericarp. A second haustorial body—the

placental haustorium—also arises from the basal cell group, grows

through the integument and funiculus, and penetrates to the point of

entry of the vascular strand of the raphe (Walker, 1947).

Fig. 65

A-D, Embryogeny in Myriophyllum alterniflorum. Note the enlarged synergid-like

suspensor cells. E-M, Embryonic development in three genera of the Fumariaceae.

E, F, Hypecoum procumbens. Extensive development of the suspensor cell which
does not divide; when the apical cell divides, the cell next the suspensor also

becomes greatly enlarged; together these two haustorial cells have a synergid-like

appearance. G, H, J, Corydalis lutea. The basal cell undergoes a number of free

nuclear divisions, but remains undivided; products of the apical cell contribute to

the suspensor. K, L, M, Fiimaria officinalis. The nuclear divisions in the basal cell

{cb) are accompanied by wall formation. All the products of this cell, and some
from the apical cell (cw), contribute to the suspensor (after Soueges).

In general, in the Scrophulariaceae, (which may be selected as an

advanced gamopetalous family), the embryo itself does not show any

especially unusual features: it is initially filamentous and later consists

of a typical multicellular distal region and an elongated suspensor.

The post-fertilisation phase is, however, attended by developments of

a rather remarkable kind. These have been the cause of some con-

troversy since the days of Hofmeister (1858). In the ovules of Minndus
tigriuus and Toreniafournieri a single integument surrounds the nucellus

which soon breaks down except in the chalazal region (Guilford and
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Fisk, 1951). The inner layer of the integument now becomes differen-

tiated as an endothelial layer. A common feature is the presence of
chalazal and micropylar endosperm haustoria, Fig. 66. In Torenia the

apical portion of the embryo sac grows through the micropyle and
along the funiculus, from which there may be a loss of cell contents
(Balicka Iwanowska, 1899); and in some cases it even reaches the

placenta. Starch is present in the developing and mature embryo sac

and may still be observed in the early stages of endosperm formation,

{see Guilford and Fisk (1951) for references to literature).

In Plantago lanceolata. Fig. 66c, the endosperm divides to form two
cells, of which the chalazal cell becomes binucleate and functions as a
haustorium. The micropylar cell divides to form four cells, two of these

forming the endosperm proper, while the other two undergo a most
remarkable development as micropylar haustoria. They grow out as

hypha-like cells with swollen ends, and eventually separate the ovule

from the placenta, except for the vascular strands of the funiculus.

The developing endosperm is surrounded by a layer of specialised

cells that persist even in the mature seed. The zygote does not divide

until the endosperm has become multicellular (Cooper, 1942).

In the embryogeney of Euphorbia rothiana (Euphorbiaceae), Fig.

66d-g, Srivastava (1952) has illustrated the first division of the zygote

by a vertical wall, followed by a transverse wall. During the subsequent

development, the embryo becomes pear-shaped, the suspensor being

ill-defined, if it could indeed be distinguished. This first division of the

zygote by a vertical wall is different from what has been observed in

E. exigua and E. esula by Soueges (1942, 1945), or in E. presli and E.

splendens by Weniger (1927). In Acalypha indica, as investigated by
Johri and Kapil (1953), the embryogeny is a variant of the Onagrad
type. These authors have also given a survey of the embryogeny in all

the investigated species of Euphorbia and have indicated considerable

variability in the details of development in different species.

THE ORIGIN OF THE MONOCOTYLEDONOUS EMBRYO

The origin of the monocotyledonous embryo has long attracted the

attention of botanists. Maheshwari has described it as the most
difficult problem in angiosperm embryology. In the dicotyledonous

embryo the plumule is typically distal and is situated symmetrically

between two equivalent cotyledons : in the monocotyledonous embryo
the shoot apex occupies a lateral indentation in the somewhat cylindrical

embryo and the cotyledon is terminal. Fig. 56f-k. Up to a certain

stage in the embryonic development, however, the two types of embryo
may be very closely comparable, both being cylindrical, or club-

shaped, axial bodies. It has been suggested that the monocotyledonous
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embryo has resulted from the fusion of the two originally separate

cotyledons, or that one cotyledon has been suppressed. In another

approach to the problem, investigators have attempted to ascertain

whether or not the single cotyledon is a truly terminal organ, or initially

a lateral organ which has come to occupy a distal position. The several

views have each received some factual support, but although many
relevant investigations have been carried out, the problem has not yet

been finally resolved.

In Agapanthus umbellatus (Liliaceae), a widening, distal 'tubular

cotyledonary zone' with two primordia growing at its tip, and sur-

rounding the sunken shoot apex, is to be seen at certain stages in the

embryonic development (Coulter and Land, 1914). If both of the

primordia develop equally, a dicotyledonous embryo is formed; but,

as more frequently happens, one of the primordia soon stops growing

while the other, by growing rapidly, becomes a conspicuous terminal

organ, leaving the shoot apex in a relatively lateral position. Coulter

and Land (1915) have also interpreted the embryo of grasses along

similar lines, the scutellum being a functional cotyledon arising from

the peripheral cotyledonary ring, while the epiblast is held to be the

greatly reduced second cotyledon. They consider that this view is

supported by the presence of a conspicuous epiblast in species of

Leersia and Zizania (both Gramineae: Oryzeae). This view will be

supported if it can be shown that the dicotyledons afford examples of

partial or complete transition to a monocotyledonous condition. In

fact, seedlings with a single cotyledon have been found in species of

widely separated families, e.g. Ranunculus Jicaria {Ranales: Rammcu-

laceae), Corydalis cava (Rhoeadales; Fumariaceae) Abronia (Thyme-

laeales: Nyctaginaceae), Carum bulbocastanum (Umbelliflorae: Umbel-

liferae), BJumium elegans, Erigenia bulbosa, species of Gesneraceae, etc.

The idea that the monocotyledons are an offshoot of some relatively

primitive dicotyledon stock has long been entertained, and seemingly

receives support from the monocotyledonous embryos of such species

as Ranunculus Jicaria and Corydalis cava. Fig. 67. Takhtajan (1945)

considers that the monocotyledons must be descended from some

Fig. 66. Illustrating various anomalous embryos

A, Toreniafournieri. Elongated zygote within the micropylar haustorial endosperm

;

the embryo sac has also a chalazal haustorium. Note remains of pollen tube, endo-

sperm, and large epithelial cells ( >s 250). B, Mimiiliis rigriniis. Endosperm breaking

down round embryo, the cotyledons of which are beginning to differentiate; a

conspicuous multinucleate micropylar endosperm haustorium can be seen ( x 333).

(A and B, after Guilford and Fisk.) C, Plaiitago lanceolata. Longitudinal section of

seed, showing embryo and conspicuous endosperm haustoria ( x 180, after Cooper).

D-G, Euphorbia rothiana. Four stages in the development of the embryo, the first

division being vertical ( x 320; after Srivastava). H-L, Acalyplia lanceolata (H, J,

X 900; K, X 630; L, x 450; after Thalhacher).
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dicotyledonous or polycotyledonous form and that they afford

evidence of deviation from the ancestral form during the early stages of

their ontogenetic development; i.e. the process must have involved

the substitution of one cotyledon for two during the embryogeny.

Ranunculus ficaria has attracted the attention of both taxonomists

and embryologists because of the presence of certain monocotyledonous

ca
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©

Fig. 67. Embryonic development in Ranunculus ficaria up to the

time of shedding of seed (after Soueges)

The initial embryogeny, though sometimes irregular, is in general like that of

Myosiirus, Fig. 56.

characters in the morphology and anatomy of the adult plant and of a

single cotyledon in the fully developed embryo. As Soueges (1913) and

others have shown, the early stages in the embryogeny, though often

irregular and frequently abortive, are in general agreement with those

for other Ranunculaceae, e.g. Myosurus, Fig. 56a-e. At the time of

seed dispersal the embryo is still in the proembryo phase, its further

development taking place on seed germination. The development of

the distal region of the embryo proper is such that it has only one

longitudinal plane of symmetry. Johansen's account (1950) is as

follows

:

'The upper region of the embryo is the first to commence

development. This becomes slightly indented at the apex, concave
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on one side and convex on the other, thus appearing somewhat

kidney-shaped when observed in transverse section. The apical

concave end of the embryo becomes still further enlarged and gives

rise to the two lobes of the cotyledonary lamina, which at first are

folded together in such a manner that the tissues which sub-

quently become the upper surface of the two lobes are in contact

with one another. The cotyledonary petiole next elongates rapidly

;

the petiole is grooved on the upper portion at maturity but is only

slightly flattened or circular in transverse section throughout the

greater part of its length. A second concavity at the basal end of the

petiole represents the base of the original lateral concavity present

at a younger stage. Certain cells with large nuclei and prominent

nucleoli which early develop near the base of the lateral concavity

mark the position where the stem apex subsequently arises lateral

to the cotyledon and surrounded by its sheathing base. Opposite

the cotyledon there is developed a small hump of tissue, occupying

the position where the second cotyledon would have arisen if it

were actually present (see Metcalfe, 1936). Its position and mode of

origin indicate that it is the rudiment of a second cotyledon which

fails to develop. This hump, like the other cotyledon, is supplied

with a provascular strand. As a matter of fact, seedlings with two

cotyledons have been observed, hence the rudimentary cotyledon is

actually capable of normal development.'

If the embryological evidence indicates that the single cotyledon in

monocotyledons is a truly terminal organ, explanations rather diff'erent

from those outlined above must be sought. Several investigators state

emphatically that the cotyledon does originate as a terminal structure,

the shoot apex being situated in a lateral position near the base of the

embryo. Taylor (1921) considers that explanations based on the

conception of unequal cotyledonary development, or of the early

abortion of one cotyledon, do not accord with the facts as ascertained

in Cyrtanthus parviflorus; and this appears to be true of the embryos

of Alisma (Hanstein, 1870), and Sagittaha (Schaffner, 1897). In the

Alismaceae, as observed by Johri (1935, 1936), the first division by a

transverse wall divides the zygote into a large basal and a small terminal

segment, as in Limnophyton obtusifoUum, Fig. 68. The terminal cell

gives rise to the whole of the embryo and also contributes to the upper

region of the filamentous suspensor. The basal cell, as in Capsella,

becomes greatly enlarged in Sagittaria, Limnophyton, Alisma and

Butomopsis.

In Lilaea subulata (Juncaginaceae) the initial embryology shows no

special features (Agrawal, 1952). Later, however, the embryo consists
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of a single large siispensor cell and a large ellipsoidal embryo, Fig. 69,

the latter continuing to elongate till it fills the embryo sac. This body

consists mainly of a massive cotyledon, the cells of which are filled

with starch, the shoot apex and root being differentiated relatively late

in the lower region of the embryo. These bulky embryos are of interest

Fig. 68. Embryonic development in a monocotyledon,

Lininophyton obtusifoUiim

( X 284, after Johri)

in relation to the embryonic developments found in primitive dicoty-

ledons (p. 252). They also suggest that the single cotyledon is not likely

to be explained in terms of the abortion or suppression of one of the

primordia in an initially or potentially dicotyledonous organisation.

If we assume that the ancestors of the monocotyledons had two
(or more) cotyledons, and that a critical genetical change, or series of

changes, resulted in the monocotyledonous condition, then the ultimate

problem is to consider how, at a certain stage in the dicotyledonous
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embryonic development, the reaction system could have been modified

so as to yield this new type of organisation. It has also to be borne in

mind that the monocotyledons may be a polyphyletic group, and that

Fig. 69. Lilaea subulata

Stages in the development of the embryo; the basal cell enlarges but does not

undergo further divisions; the terminal cell divides and gives rise to a large globular

to ellipsoidal mass of cells; eventually there is a single massive cotyledon, the

lateral shoot apex and the basal root only differentiating at a later stage ( x 330,

after Agrawal).

some lines may have diverged from a very primitive dicotyledonous

source and others from a more advanced source. It may also be worth

pondering whether the kind of mutation that led to the inception of the
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monocotyledons was one that was liable to happen quite frequently,

or only very rarely.

The development of an asymmetrical structure from a symmetrical

one, without necessarily involving the abortion of parts, is a very com-

mon phenomenon, e.g. the development of zygomorphic flowers.

Zygomorphic flowers, e.g. snapdragon, are initially symmetrical and so

remain in their peloric or actinomorphic variants. The transition from

actinomorphy to zygomorphy is due to changes in the reaction system

during growth. Where this takes place as the result of mutation,

it may be that a comparatively small genetical change is involved.

This may be true of the inception of the monocotyledonous condition.

If so, it would follow that the monocotyledons may well be a poly-

phyletic group.

REDUCED AND ANOMALOUS MONOCOTYLEDON EMBRYOS

The monocotyledons aff'ord some unique examples of greatly

reduced embryos, e.g. in the Orchidaceae. The mature seed in the

orchids is very small and contains a minute embryo which is almost

gemma-like in its simple construction and absence of diff'erentiation,

Fig. 70. In the family as a whole, however, the embryogeny shows

considerable variation. In some species, e.g. Epipactis paJmatus, there

is very little suspensor development, but in others, e.g. Orchis latifolia

and Goodyera, Fig. 70, a long filamentous suspensor, septate in the

former, undivided in the latter, is present.

Even the most ardent disciple of embryonomic types must experience

difficulty in assigning the various Orchidaceous embryos to an appro-

priate group. Johansen (1950) has expounded these difficulties and has

classified orchid embryos according to the presence or absence of a

suspensor and of embryonal tubes, and whether these tubes arise

directly or indirectly from the suspensor initial cell. On this basis,

thirteen different developmental patterns can be distinguished.

Herminium monorchis has a well-developed filamentous suspensor

which projects well down into, and through, the micropyle. In

Epidendrum ciliare there is sustained growth and cell division in the

terminal segment, a rather curious, elongated and somewhat bulky

embryo being formed. Fig. 70. SobraUa macrantha eventually forms a

somewhat elongated, bulky embryo. Near the distal end there is an

indentation in one side, presumably the site of the shoot apex, the

terminal region being probably a primitive or potential cotyledon.

Vanda, Cymbidium, Phalaenopsis, Stanhopea, and other genera show

remarkable growth developments of the basal or other suspensor cells

into haustorial embryonal tubes, Fig. 70. These tubes eventually

wither about the time of seed dispersal. The mature embryo in Vanda
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Fig. 70. Orchid embryos

A-F, Epipactis pahistris. A-E, Early proembryo stages. F, Mature embryo.

G, H, J, Orchis latifoUa. G, Filamentous embryo, with suspensor and four-tiered

distal region; the earlier stages are generally comparable with those of Epipactis.

H, J, Embryos approaching maturity. K-N, Goodyera discolor. K, The basal cell

is already beginning to elongate. L, Filamentous young embryo. M, N, Nearly

mature embryos with greatly elongated suspensor (A-N, x 160). O-R, Epidendrum

ciliare (0-Q, x 490; R, x 265). S-X, Phalaenopsis grandiflora. S, T, Three- and

four-celled proembryos. U, V, Early development of embryonal tubes. W, Em-

bryonal tubes at optimum development. X, Mature embryo, with strophiole at base,

the latter being all that remains of the embryonal tubes (S-V, x 490; W, x 170;

X, X 400). (All from Johansen, redrawn from Treub.)
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consists of a spherical, and in PhaJaenopsis of a club-shaped or ellipsoi-

dal, mass of meristematic cells, showing no evidence of organ or tissue

differentiation, and enclosed in, or surrounded by, embryonal tubes.

THE GRAMINEAE

The grasses exemplify the most complex embryonic developments

in plants. The embryo, with the scutellum, coleoptile, epiblast and

coleorhiza as special developments, and the homologies of these

members, have been the subject of investigations and discussions

extending over many years, beginning with Malpighi in 1687 {see

Bennett (1944), Artschwager and McGuire (1949), and Reeder (1953),

for indications of the literature).

Coulter and Land (1915) held that the scutellum is a lateral organ,

the equivalent of a foliage leaf. Worsdell (1916) thought of it as a

terminal laminate cotyledon, the coleoptile being its ligule. Sargant

and Arber (1915) favoured the view that the coleoptile is the equivalent

of a pair of fused stipules. These are but some of the views to which

consideration of the grass embryo has given rise.

The embryogeny of Po«, Fig. 71, may be indicated as a fairly regular

and representative type for the Gramineae. In other genera the initial

cellular pattern may be considerably less regular. At the two-celled

stage, the terminal cell, as in maize, may be small, lens-shaped and

semilateral in position (Randolph, 1936). It may divide vertically or

obliquely, the latter development leading to the formation of an apical

cell of temporary duration, Fig. 72. The subsequent divisions are

irregular. The embryo becomes club-shaped; it is narrow at the sus-

pensor end and shows a gradient of decreasing cell size into the terminal

growing region.

In a comparative study of embryo development in Zea mays. Arena

saliva and Triticum vulgare, Avery (1930) has concluded (i) that the

Fig. 71. Grass Embryos

Poa annua. A, First division of the zygote. B, C, Later stages in the develop-

ment of the segmentation pattern. D. The differentiation of the organs is about

to begin. E, An older embryo. The lettering is that of Soueges. The distal, or

apical, segment of the zygote is ca, and the basal segment is cb. As the embryo
develops

ca ^- q -^ 1,1^

cb -^ m + ci -^ m + n + }0- -^ m + n + o + p

In E, cl is the coleoptile, eb, the epiblast, and pr the region of the shoot apex.

(from Maheshwari ; after Soueges).

F-O, Honlenm safinim. F, Fertilised egg. G-K, Development of segmentation

pattern. L, M, Beginning of organ formation; sc, early stages in the formation of

the scutellum; .?, nascent shoot apex; r, nascent coleoptile; .w, suspensor. N, O,

Older embryos showing the aforementioned parts and also the first leaf (/), the

scutellar vascular trace (ct), the root (;), the second or seminal root (,?/), and the

coleorhiza (F-K, >: 375; L, M, x 165; N, O, x 54; after Merry). F. Zea mays.

Differentiation of plumule-radicle axis; lettering as above (x 60, after Randolph).
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scutellum is the cotyledon, and although it may appear to be terminal

at a certain stage in the embryogeny, it is essentially a lateral organ;

(ii) that the 'ventral' scale when present is a ligule; (iii) that the epiblast,

when present, is not a rudimentary second cotyledon, and probably has

httle morphological significance; (iv) that the coleoptile is homolgous

with a foliage leaf, and is the second foliar member of the embryo
;

(v)

that the elongated structure between the cotyledon and coleoptile in

maize and oat seedlings is the first internode of the axis; the same

region exists in wheat but is less elongated. In Avery's view the three

morphological types which van Tieghem (1872, 1897) distinguished are

fundamentally alike; they differ in the location of the meristematic

region of the first internode. Avery's illustrations show the mature

embryo of Zea with at least five leaves within the coleoptile, Avena

with two, and Triticum with three or four. Figs. 72, 73.

In Triticum vulgare, McCall (1934) considers that the embryo organs

can best be understood by referring to the positional relationships of

the organs and tissues of the adult plant, i.e. the assumption is that

essentially similar relationships obtain in the embryo and in the adult

plant. In the embryo of Triticum, the transverse procambial plate

which separates the primary root and the shoot is held to be the first

node of the young plant. Roots are present at this node. The epiblast

which is formed at this level, is interpreted as a vestigial first seedling

leaf. The scutellum, which originates at the second node on the oppo-

site side to the epiblast, is held to be the second seedling leaf. The
coleoptile, which in Triticum has an axillary bud, is difficult to interpret

because it arises on the same side as the scutellum. It is recognised as

the third leaf, homologous with a bud prophyll.

As to the nature of the epiblast various views have been expressed.

In the view of Sargant and Arber (1915), and Avery (1930), it is a mere

outgrowth; to Celakovsky (1897) and Worsdell (1916) it is homologous

with the auricles of the seed leaves; while to Poiteau (1809), Warming
(1879), van Tiegham (1897), Bruns (1892) and Percival (1921), it is a

rudimentary leaf. It is not unlike the non-vasculated prophylls and

enations in some vascular cryptogams.

Randolph (1936) has shown that the pear-shaped embryo sac of

Zea mays rapidly encroaches on the large nucellus and integuments,

the small linear proembryo lying obliquely at the anterior side, Fig. 72.

The initial small, ovoid proembryo enlarges into a club-shaped structure

with a well-marked gradation of cell size, the basal cells being large and

vacuolated. Apart from the localisation of rapid growth in the small-

celled distal tissue, the proembryo is histologically undifferentiated up

to the seventh day after fertilisation. Its peripheral cells divide by both

anticlinal and periclinal walls, and elsewhere divisions take place in an
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Fig. 72. Development of the embryo in Zea mays

A-E, Early stages showing the somewhat irregular segmentation pattern (x 180).

F-H, The enlarging club-shaped embryo shows a gradient of cell size and more

densely protoplasmic cells begin to be apparent in a median-distal lateral position

(x 160). J, K, The shoot apical region {s) and root are beginning to be differen-

tiated ( X 140). L, A fully developed embryo showing the scutellum {sc), the coleop-

tile (c), the coleorhiza (col), the root (r) and root-cap {re). The scutellar node or

median plate can be seen about the middle of the embryo. M, Longitudinal section

of caryopsis showing the position of the young embryo relative to the endosperm.

(L, after Avery; the others after Randolph.)
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entirely irregular manner. About the eighth day a rapid differentiation

sets in: an epidermis forms over the distal region and extends down the

sides towards the suspensor; in the sub-distal region the cells begin to

divide actively by walls at right-angles to the proembryo axis. 'This is

obviously a preliminary step in the differentiation of the main axis of

the more mature embryo, an axis which does not coincide with the

axis of the proembryo' (Randolph, 1936). In the now rapidly enlarging

embryo a group of more densely protoplasmic cells is present in a distal

lateral position on the anterior side. The rapid growth of the most

terminal cells results in the formation of the organ later recognised as

the scutellum or cotyledon, and the densely protoplasmic lateral group

comes to occupy a position progressively further away from the distal

extremity. This lateral meristematic cell mass becomes wedge-shaped,

the individual cells grow and divide rapidly, and the region becomes

organised as a slightly protruding shoot apex and an endogenous root,

this axis being somewhat oblique to the proembryo axis. Fig. 72.

About this stage the incipient vascular strand of the posterior-terminal

organ, i.e. the scutellum or cotyledon, becomes conjoined with the

plumule-radicle axis. Meanwhile the scutellum has enlarged greatly

and expanded all round the posterior side of the plumule-radicle axis.

These observations suggest that the shoot apex originates distally, but

since it develops very slowly as compared with the cotyledon it eventu-

ally occupies a lateral position. Like the enlarged foot in lycopod

embryos, the greatly enlarged scutellum in the Gramineae is formed

adjacent to the endosperm, its strong development being probably

related to its proximity to a major source of nutrients. At maturity the

plumule-radicle axis is virtually parallel to the scutellum. The suspensor

region stops growing soon after the differentiation of the radicle and

persists as a vestigial organ. The coleoptile is described as the first

ridge of tissue which develops above and later around the shoot

meristem. The first plumular leaf arises as a similar ridge on the

opposite side of the apical meristem; and eventually three to five

additional leaves are formed.

Akhough Merry (1941) regards the scutellum and coleoptile in

Hordeum sativum as 'structures morphologically distinct from the

foliage leaves and peculiar to the embryo,' he holds that the scutellum

is homologous with the cotyledon in other monocotyledonous embryos

—a view well supported by his illustrations. In Paspalum dilatatum,

Bennett (1944) also found that the planes of cell division in the young

embryo are irregular, confirming the view that it is the growth of the

embryo as a whole that is important. Norner (1881) and Soueges (1924),

on the other hand, attempted to refer particular embryonic parts to

particular cells in the early embryogeny. The mature embryo in



Fig. 73. Grass Embryos

A, Triticum vulgare. Embryo in longitudinal median section; sc, scutellum, with

its vascular trace, r/; c, coleoptile; /, /g, first and second plumular leaves ; i, shoot

apex, with third leaf; b, coleoptile axillary bud primordium; e, epiblast; /, first

internode; h, first node; co/, coleorhiza ; r, root, with root-cap, /r; 5h, remains of

suspensor ( x 53, after McCall). B, C, Paspahun dilatation. B, Young embryo,

showing the considerable enlargement of the posterior side. C, Older embryo, show-

ing the scutellum, coleoptile primordium, shoot apex and first root (after Bennett).

D, Avena sativa. Fully developed embryo. The scutellum has a small ventral scale

(on right); the other details are as in A (after Avery).
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PaspaJum has one foliage leaf but no epiblast. Some of Bennett's

illustrations suggest that the scutellum is lateral in origin.

The coleoptile—now a very familiar object because of its extensive

use in auxin studies—has been interpreted in several different ways:

(i) It is the first leaf of the plumule, and the second leaf of the plant, the

scutellum being the first leaf or cotyledon. If the epiblast is regarded as

a rudimentary cotyledon, then the coleoptile is the third leaf, but the

first plumular leaf, (ii) The scutellum and the coleoptile together form

the cotyledon, the coleoptile being variously interpreted as a ligule, as a

pair of fused stipules, or as an extension of the cotyledonary sheath,

(iii) The coleoptile is the cotyledon, the scutellum being an outgrowth

of the radicle or of the axis, (iv) The coleoptile and scutellum are

structures peculiar to the embryo and morphologically distinct from

the foliage leaves.

Weatherwax (1920), Percival (1927), Avery (1930), Boyd (1931),

Randolph (1936), Jakovlev (1937), Yung (1938), and Kiesselbach (1949)

have maintained that the coleoptile is homologous with a leaf. Nish-

mura (1922), Soueges (1924), Howarth (1927), Reznik (1934), and

Arber (1934), on the other hand, consider that the scutellum and

coleoptile are parts of one structure—the cotyledon. The third sug-

gestion seems to have had no adherents in recent years, while the last,

which was proposed by Merry (1941), has obtained little support.

Reeder (1953) has pointed out that investigators of the coleoptile

have, to some extent, made their own difficulties, in that they have

mainly worked with the somewhat specialised agricultural grasses such

as Zea, Hordewn, Sorghum, Avena, Triticum and Oryza. If the less

specialised, or more primitive, genera are investigated, the nature of

some of the embryonic parts becomes fairly evident. This in Strepto-

chaeta spicata, one of the most primitive of the grasses—taxonomically

isolated but probably allied to Bambusa—the coleoptile is not a closed

conical organ, as in Zea or Triticum, but is quite evidently a foliar

structure, open on the side away from the scutellum and standing in a

normal phyllotactic relationship to the first plumular leaf. Its foliar

character is confirmed by the details of its vascular system. This

consists of five vascular strands, one of which is median. Reeder has

thus disposed of the main difficulties of accepting the coleoptile as a

foliar organ.

As it seems to the present writer, the grass embryo, though admit-

tedly complex and specialised, is perhaps less difficult to understand

than is sometimes thought. In grasses, as in other monocotyledons, the

distal region of the pear-shaped proembryo becomes a terminal foliar

member and the shoot apex eventually becomes recognisable as an

inconspicuous indentation on the side of the embryo facing away from
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the endosperm. On further growth, a vascular strand is differentiated

in the cotyledon and becomes conjoined with the vascular strand

differentiated in the first root. Now, this kind of morphological system,

comprising a vasculated cotyledon (or prophyll), a root in vascular

continuity with it, and a poorly organised shoot apex, is what is found

in various eusporangiate ferns, e.g. species of Marattiaceae and Ophio-

glossaceae. And, as in these ferns, the shoot apex in grasses, however

small and inconspicuous it may be initially, is nevertheless the centre of

all the ensuing axial development {see Chapter IX). Furthermore, we
may recall that in ferns, lycopods and Selaginella, various parts of the

embryo may become greatly swollen and modified in relation to

supplies of nutrients. Similarly, in grasses, with their very well developed

endosperm, it is not surprising that some parts of the embryo become
more or less extensively modified. From Merry's illustrations of the

young embryo of Hordeum, in which the scutellum is very short and

the nascent shoot apex in a relatively distal-lateral position, it is not

difficult to suppose that, at an earlier stage, both the incipient scutellum

and shoot apex had occupied distal positions. But, in relation to the

underlying biochemical pattern, the apical site grows slowly, the foliar

site rapidly.

In the grasses, as in other monocotyledons, the cotyledon appears

to be truly terminal: there is an even gradation in cell size from the

large-celled suspensor to the small-celled distal region. Nevertheless,

this club-shaped embryo has in it a characteristic biochemical asym-

metry, the shoot apex being always on the side away from the endo-

sperm. If we assume, as we may well do, that the metabolic pattern

which underlies the inception of the shoot apex and the first leaf is

determined while the embryo is still very small, the difficulties in accept-

ing the apex as the terminal pole of the embryonic axis largely disappear.

The cotyledon (scutellum), the coleoptile, and the first foliage leaf will

all stand in the normal relation of lateral organs to this axis, though

their form and structure may be greatly modified by the nutritional and

other factors which are at work during their respective developments.

According to Avery: 'The fact that the embryonic stem tip appears

to arise from the lateral face of the immature cotyledon need not be

construed as meaning that the cotyledon is terminal. A more logical

explanation, in view of the position of the suspensor in the mature

embryo, would be to consider the origin of the growing point of the

stem as having been delayed in development until after the cotyledon

has attained considerable size.' Elsewhere, in Lycopodium and in

eusporangiate ferns, examples of delay in the histological organisation

of the shoot apex have been noted, and in them also the position of the

axis has been temporarily obscured.
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The epiblast in Arena and Triticum appears as a small, non-

vasculated scale-like leaf situated on the opposite side of the embryo

from the scutellum and inserted slightly lower down on the embryonic

axis. Similar reduced foliar members and semi-abortive embryonic leaves

are known among pteridophytes. If the developmental sequence in the

formation of the lateral members was as follows (1) scutellum, (2)

epiblast, (3) coleoptile, and (4) first plumular leaf, we should have an

approximately normal phyllotactic sequence. But, as judged by their

positions on the embryo axis, the epiblast lies below the scutellum.

However, when we consider that the epiblast is on the side of the axis

remote from the endospermous nutrition, and that the cotyledon, which

is initially terminal, comes to occupy a lateral position and quickly grows

to large size, thereby causing modifications in the general relationship

of parts, it is by no means inconceivable, though proof has still to be

obtained, that the epiblast is a second foliar member of very limited

growth.

PARASITES AND SAPROPHYTES

In view of the differences, sometimes extensive, in the vegetative

development of angiospermic parasites and saprophytes, as compared
with normal autotrophic species, it is relevant to inquire if these are

foreshadowed in the embryogeny. Here it may be noted that although

the vegetative development may be greatly modified by an irregular

mode of nutrition, the floral morphology is characterised by a certain

constancy. Reduced and anomalous embryos are widely scattered

through diff'erent orders and families. Not all of these pertain to

parasites and saprophytes, but some do. The morphological observa-

tions will gain in value as the related physiological-genetical processes

are more fully investigated. A number of curious and reduced embryos,

e.g. of Rafflesia, Scurrula, Balanophora, Scabiosa, Aeginetia (Oroban-

chaceae); Voyria, Voyriella, Cotylanthera and Leiphaimos (Saprophytic

Gentianaceae) are illustrated in Figs. 74-78. Some of these have been

described briefly by Maheshwari (1950).

Cuscuta reflexa shows much variation in the relative developments

of the embryo and suspensor (Johri and Tiagi, 1952). The embryo sac

conforms to the bisporic Allium type, but abnormal embryo sacs may
occur. One of the synergids becomes hypertrophied and persists for a

long time, usually associated with the swollen suspensor cells ; occasion-

ally a synergid may also be fertilised. The zygote and endosperm
develop more or less simultaneously, the latter being at first free nuclear

but later cellular and finally gelatinous. The zygote divides trans-

versely; the basal cell gives rise to the suspensor with some contri-

bution from the terminal cell. The suspensor may develop as a series



EMBRYOGENESIS IN FLOWERING PLANTS 279

of distended cells, sometimes irregularly disposed, and containing many
nuclei. These cells are described as having a haustorial function. The
upper region of the suspensor, which is derived from a tier of the
embryonic region, consists of two tiers of uninucleate cells. These have

Fig. 74. Various anomalous embryos

A, B, Sciirrula atropurpurea. A, First division of zygote. B, Enlarged view of distal

region of proembryo, showing beginning of elongation of suspensor cells (after

Ranch). C, D, Balanophora abbreviata. C, Two-celled embryo resulting from
longitudinal division of zygote. D, A more advanced stage (after Zweifel). E-G,

Scabiosa succisa. Stages in the development of the embryo (after Soueges).

a staining reaction similar to the suspensor cells below, but they remain

small and uninucleate and project in a foot-like manner into the lower

portion of the suspensor, Fig. 75. In some embryos, however, the

suspensor remains relatively undeveloped or it may be absent. Both
types of suspensor may be observed in the same ovary. The proembryo,

at first filamentous, becomes a globular mass, with irregular divisions,

and this eventually develops into an elongated, spirally or irregularly

lO
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coiled embryo, with a distal apex, small plumular scales, and a feebly

differentiated central vascular strand. There are no cotyledons. In

other species of Cuscuta the embryogeny is generally comparable

(Fedortshuk, 1931; Tiagi, 1951). Johri and Tiagi disagree with

Johansen's placing of the Cuscuta embryo in his Caryophyllad type;

eXgAa

pt A B

Fig. 75. Embryogeny in Cuscuta reflexa

A, Three-celled proembryo, with free endosperm nuclei; .?, haustorial synergid; pt,

pollen tube. B, An older embryo ; the basal region of the proembryo has developed

into two large vesicular, coenocytic suspensor cells, b and c; the distal region has

given rise to four tiers. C, A yet older stage, showing the distal embryonal mass.

D, Proembryo with reduced vesicular suspensor; s, synergid; E, Proembryo with-

out vesicular suspensor. F, G, Maturation of coiled embryo; .s7, shoot apex; ps,

plumular scale; r, root; vs, vascular strand. (A-E, X 165; F, G, x 4; after

Johri and Tiagi.)

they consider that it properly belongs to the Solanad type. Tiagi (1951)

has compared the embryological development of Cuscuta with that in

non-parasitic species of Convolvulaceae, and considers that it should

be removed to a separate family (i.e. the Cuscutaceae), thus supporting

a view already advanced by taxonomists. In the genus Cuscuta the

genetical changes associated with the transition to the parasitic mode
of life can be detected in various anomalous developments of the

embryo.
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In the Loranthaceae, Balanophoraceae, and Santalaceae (Santalales)

the species of the first two famihes are parasitic, or semi-parasitic, while

those of the third include some parasites. Maheshwari (1937) regards

these as being among the most difficult angiosperms to investigate

embryologically, Fig. 74. Since the Loranthaceae exhibit many curious

morphological and anatomical features, some of which are associated

with their parasitic habit, it is of interest to ascertain if the embryogeny
is characterised by any unusual features and, if so, when these appear.
Singh (1952) has described some very remarkable developments of the

female gametophyte and embryo in Dendrophthoe falcata {Loranthus

longiflorus). Fig. 76. In this and related genera and species, the whole
embryonic environment is a very unusual one. No well-defined

nucellus or integument can be distinguished, but there is a considerable

mass of megaspore mother cells, each of which gives rise to a linear

tetrad of megaspores. Greatly elongated filamentous embryo-sacs,
22-28 mm. long, and with eight nuclei, are formed from the uppermost
megaspores. These penetrate upwards into the style with the result

that the egg apparatus may eventually be situated close to the stigma.

After fertilisation, the several embryo sacs become fused and a com-
posite endosperm is formed. The evidence, sometimes incomplete, of
several investigators (Griffith, 1844; Treub, 1881; Ranch, 1936;

Schaeppi and Steindl, 1942; and Singh, 1952) is that the first division of

the fertilised egg is by a longitudinal wall, this being followed by rapid

polar elongation of the embryo and a succession of transverse divisions.

The suspensor of the proembryo now undergoes rapid elongation and
thereby thrusts the distal embryonic cells down through the style into

the endosperm in the ovary region below. If this rapid elongation did

not take place, the young embryo would be shed along with the style-

like organ which soon falls by abscission. Only one embryo of the

initial polyembryonic system reaches maturity. The fully developed

embryo has a club-shaped appearance with a single cotyledon and an
enclosed sunken plumule. Singh, however, has shown that at an
earlier stage there are two distinct and equivalent cotyledons which
become fused on further development. A flat, cushion-like radicle

constitutes the base of the embryo. The mature fruit is a complex
structure consisting of four tissue layers. The seed has no testa.

Within the outermost layer of the fruit there is a viscid layer which is

responsible for the ejection of the seed and its subsequent adhesion to

the host plant. (Fig. 76a-f, from Singh, 1952). Tupeia antarctica.

Fig. 76g, h, the New Zealand mistletoe (Loranthaceae), which closely

resembles Viscinn and Loranthus but belongs to a distinct genus, is also

characterised by some quite extraordinary developments of its embryo
sac and embryo (Smart, 1952).
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In Striga lutea, a semiparasitic species of the Rhinantheae-Gerar-

diae (Scrophulariaceae), the proembryo has large 'tuberous haustoria'

at the base of the suspensor, but otherwise it shows no abnormal

features, the mature embryo being a typical dicotyledonous one. The

chalazal end of the cellular endosperm develops into a long binucleate

haustorium which penetrates the integument; the micropylar hausto-

rium is inconspicuous. The question as to whether the parasitic mode
of life of the plant affects the embryo sac and embryonic development

is one which has often been raised (Bernard, 1903; Mitchell, 1915, etc.).

The evidence indicates that there is no direct relationship between the

habit of the plant and the haustorial developments of the endosperm.

These structures are a general feature in the Scrophulariaceae and are

in no way restricted to the parasitic and semi-parasitic genera and

species. Thus, in the holoautotrophic genus Veronica, the endosperm

haustorial development is as in the Rhinantheae. In studies of four

total parasites, namely, Lathraea, Orobanche, Phelipaea, and Cytinus,

Bernard (1903) found all stages of haustorial development. Lathraea

showed the most extensive haustorial development. Also, in the

production of fertile seeds, the parasitic members appear to be just as

successful as their autotrophic near-relatives. In other words, the

genetical changes which have led to the saprophytic, semi-parasitic, or

parasitic modes of life in these organisms have not materially affected

the mechanisms of reproduction and embryogenesis. The embryonic

development in Orobauche cernua, Fig. 77, is characteristic of the group.

In Aeginetia indica (Orobanchaceae), a small parasite on grass roots,

the ovules are very small, the nucellar epidermis degenerates, and an

inconspicuous integumentary tapetum surrounds the mature embryo

sac. The early embryogeny is fairly normal, but the mature embryo

consists simply of an ellipsoidal cellular mass, with the remains of the

suspensor at one end, embedded in a cellular endosperm. The endo-

sperm gives rise to a small chalazal haustorium and to an aggressive

micropylar haustorium. The latter develops intercellular hypha-like

Fig. 76. Embryogeny in Loranthaceae

A-F, Embryogeny in Dcndropthocfalcata. A, B, C, Basal, middle and upper regions

of a gynoecium in longitudinal section. D, Entire flower; the egg apparatus in the

several elongated embryo sacs can be seen in the style; the antipodal cells are in

contiguity with the collenchymatous pad {col) just above the base of the ovary. E,

L.s. of style, showing the biseriate proembryo. F, L.s. of fruit; c«, calycalus; e, em-
bryo; cm/, endosperm ; po, zone of parenchyma; />.?, perianth scar; /, leathery coat

of fruit wall; s, space through which the embryo sacs pass into the ovary; ss, scar

of style; //>, vascular zone; r.v, viscid layer (E, x 130; all after Bahadur Singh).

G, H, Embryogeny in Titpeia antarciica. G, L.s. of female flower, showing elon-

gated embryo sacs with egg apparatus (£) in the style, and collenchyma sheath (c)

at the base. H, L.s. of developing fruit, with viscous tissue (V), stylar disc (D),

collenchyma sheath (C), embryo (£). (G, x 25; H, x 30; after Smart).
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Fig. 77. Embryogeny in Orobanche cennui

A, Fertilised ovum. B, Early divisions. C, Older stage, showing formation of

dermatogen and degeneration of suspensor cells. D, Mature ovoid embryo. E,

L.s. of embryo sac, showing aggressive branching micropylar haustorium with

amoeboid nuclei; the embryonic development is as in C. F, L.s. of seed, showing

ovoid embryo and endosperm. (A-D, x 825; E, x 340; F, x 166; after Tiagi.)
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branches which penetrate the integument (Tiagi, 1952). In Cistanche

tubulosa (Orobanchaceae), a leafless total parasite, growing on the

roots of Acacia and other trees, Tiagi (1952) found that the embryo sac

is not characterised by any unusual features, but after fertilisation the

embryo remains small and relatively undeveloped. In the small mature
seed the embryo is an ovoid structure with tissue diff'erentiation but

Fig. 78

A, B, Embryogeny in Monotropa hypopitys. A, L.s. of seed, showing embryo-
germling, as yet without mycorrhizic fungus. B, An older germhng with fungus
(B, X 10; after Francke). C-E, Embryogeny in Zeuxine sulcata. C, Binucleate
embryo sac and two-ceiled nucellar embryo. D, E, Formation of several embryos

(C, X 490; D, E, x 56; after Swamy).

without differentiation of plumule, cotyledons or radicle. The cellular

endosperm forms a rather feeble chalazal haustorium but a very

aggressive micropylar one with intercellular hypha-like branches which
penetrate the integument. These endosperm developments, however,

are general in the autotrophic Scrophulariaceae and are not correlated

with the parasitic habit in Cistanche.

In Monotropa hypopitys (Ericales: Monotropaceae), a saprophytic

species well known because of its ectotrophic mycorrhizic nutrition, the

mature seed is very small and contains an embryo consisting of three

cells only, surrounded by an endosperm of nine cells, Fig. 78a, b.

During germination, which apparently only takes place after some
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inhibiting substance has been dissolved out or removed, the embryo

enlarges within the seed and becomes differentiated into a small-celled,

embryonic, distal region and a large-celled basal region. At this stage

the germ is still uninfected by the symbiotic fungus. On being released

from the testa the germ can only continue to grow if it is infected by the

appropriate fungus (Francke, 1934). In the saprophytic mycorrhizic

species Sarcodes sanguinea (Ericales: Monotropaceae), the embryo

and the endosperm in the mature seed are also poorly developed

(OUver, 1890).

In Zeuxine sulcata (Orchidaceae : Neottinae), a holosaprophytic,

rootless species exhibiting an extreme case of absence of chlorophyll

and feebly developed vascular tissue, Swamy (1946) has described a

very much modified embryogeny. Fig. 78c-e. In the ovule, the mega-

spore mother-cell begins to degenerate so that few, if any, ovules form

a functional embryo sac. Diploid embryos arise adventitiously

(apomictically) from the cells of the nucellar epidermis, polyembryony

being common. As these embryos are not formed in the normal

environment of an embryo sac, it is of some interest to note that while

the very young embryo may exhibit some evidence of polarity, older

embryos consist of a somewhat irregular mass of quite undifferentiated

meristematic cells.

APOMIXIS

By apomixis is meant the substitution of the normal sexual repro-

duction by an asexual process. Apomixis may include the formation of

an embryo from an unfertilised ovum (haploid parthenogenesis), or

from some other cell of the gametophyte (haploid apogamy); but as

the resulting haploid sporophytes are usually sterile, the process is not

repeated from one generation to the next. This has been referred to as

non-recurrent apomixis. In recurrent apomixis, the nuclei of the

embryo sac are usually diploid. Hence we may have diploid partheno-

genesis (from a diploid ovum) or diploid apogamy (from some other

diploid cell of the gametophyte). Yet other variants are known. In

what has been called adventive embryony, or sporophytic budding, the

embryo is formed from a cell of the nucellus or the integument and its

nuclei are therefore diploid; in these cases, the gametophytic generation

has been by-passed. Lastly, in viviparous reproduction, the flowers

may be replaced by bulbils or propaguies, this being simply an unusual

form of vegetative reproduction. (For discussions and data on the

cytology of apomixis, the reader is referred to Gustafsson, 1935, 1946,

1947.)

The occurrence of haploid parthenogenesis may be of considerable

value in genetical studies in that it enables true-breeding homozygous
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material to be obtained. Haploid parthenogenesis can be induced in

some species by the use of appropriate techniques {see Chapter XV),

e.g. by stimulating but not fertilising the ovum with pollen of another

species, by delayed pollination, etc. Jorgensen (1928) found that when
the stigma of Solanum nigrum was pollinated with the pollen of

S. hiteum, the male nucleus eventually penetrated the ovum, but there

was no effective nuclear fusion and the male nucleus soon began to

disintegrate. The ovum, however, was activated as if by normal

fertilisation and an embryo was formed. Twin proembryos may some-

times be observed in Liliiun martagon, Fig. 79a ; one of these is formed

from the ovum by the normal fertilisation, the other from a stimulated

haploid synergid cell. The initial developments of the two embryos are

closely comparable but the synergid embryo soon degenerates (Cooper,

1943). Similar observations on synergid embryos have been made by

Lebegue (1949) in Bergenia delavayi (Saxifragaceae) and by Crete (1949)

in Erythraea centaurium (Gentianaceae). Maheshwari (1950) has sum-

marised other evidence on parthogenesis, including cases of androgenic

haploids in which, as the evidence seems to show, the embryo has

developed from the male nucleus alone. In other instances of apomixis

the chief interest lies in the cytological rather than in the embryonic

vicissitudes. Here we may note that although there may be departures

from the normal nuclear arrangements, the embryonic development,

presumably in relation to the relatively stable conditions within the

ovule, initially follows normal paths. Where there is subsequent

degeneration, this is usually attributable to factors in the genetical

constitution.

In Rudbeckia speciosa (Compositae) a peculiar embryonic innova-

tion, described as semigamy, has been observed. Fig. 79b-d (Battaglia,

1946, 1947). The small male nucleus enters the ovum which is diploid,

and activates it but there is no nuclear fusion. On the contrary, it

appears that the male and female nuclei divide separately, though often

simultaneously during the ensuing embryonic development, with the

result that cells containing male nuclei, which are never numerous,

come to occupy variable positions in the embryo, a sort of embryonic

chimaera being thus formed.

In adventive embryonic development, the embryo has its inception

in a diploid cell of the nucellus or integument. This cell becomes densely

protoplasmic and divides actively to form a small mass of meristematic

cells. This tissue mass grows, or is pushed into the embryo sac, and

there it gives rise to what appears to be a normal embryo. In Citrus

trifoliata (Rutales: Rutaceae), Fig. 79e, f, the normal embryo has a

suspensor whereas the nucellar adventive embryos have not, i.e.

they resemble the distal region of the normal embryo. From these
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observations it may perhaps be inferred that there is some delay in

the estabhshment of polarised growth in adventive embryos. In

Citrus, many viable embryos may sometimes be found in the same

seed. Studies of adventive embryos, which may arise in various

positions, may prove of value in the causal analysis of morphogenesis.

B

Fig. 79. Examples of apomixis

A, Liliiim martagon. The proembryo on the left has arisen from a synergid and is

hapioid; that on the right has developed from the zygote and is diploid (after

Cooper). B-D, Semigamy in Rudbeckia speciosa. B, Two-celled proembryo with
two small nuclei in basal cell. C, Three-celled proembryo show ing nuclei derived
from sperm in terminal cell. D, More advanced stage; the nuclei derived from the

sperm may occupy various positions (after Battaglia). E, F, Citrus trifoliata.

Zygotic and nucellar embryos; in F, only the zygotic embryo has a suspensor; the

embryos are surrounded by endosperm (after Osawa).

Maheshwari states that if the nucellus is intact, the adventive embryos
will typically originate from some of its cells; but if the nucellus

becomes disorganised, they may originate in the integument. (For

other examples, see Maheshwari, 1950.) According to the species,

adventive embryonic development may take place with or without the

stimulus of pollination or fertilisation. The nature of those stimuli is of

primary interest to the embryologist. In Eugenia jaiubos (Myrtales:

Myrtaceae), adventive embryos originate without pollination, but only

if the ovum is fertilised do they attain to their full development (Pijl,
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1934). According to Webber and Batchelor (1943), fertilisation is

necessary in most varieties of Citrus for the maturation of adventitious

embryos; and so, too, for the mango (Mangifera indica, Sapindales:

Anacardiaceae) (Juliano, 1934, 1937). An endosperm is nearly always

present in species in which adventive embryos are formed, an exception,

according to Archibald (1939), being Opimtia aurantiaca (Cactaceae).

Ahhough formed from sporophyte tissue, adventive embryos

develop quite differently from normal terminal or axillary shoot buds.

The rudiment of a shoot bud is characterised by the early formation of

an axis bearing leaves: the adventive embryo, by contrast, passes

through the typical embryonic and seedling phases. In Citrus, the

shoot buds develop into almost thornless shoots, whereas nucellar

embryos, like the normal zygotic embryo, yield thorny seedlings.

While these morphological differences may be largely due to the

nutritional status of the environments of the two kinds of primordium,

genetical factors may also be involved. The effect of such factors could

perhaps be ascertained by observing the development of young, excised

nucellar embryos in suitable artificial media. The ontogenetic 'recapitu-

lation' shown by nucellar embryos is likely to be due to the same

factors which determine the normal embryonic development (Swingle,

1927).

POLYEMBRYONY

Polyembryony, or the occurrence of more than one embryo in the

seed, first discovered in oranges by Leeuwenhoek in 1719, has been

reviewed by Ernst (1918), Schnarf (1929), Webber (1940), Robyns and

Louis (1942), Gustafsson (1946), Maheshwari (1950, 1951, 1952),

Johansen (1950), and Lebegue (1952), Figs. 80, 81. Cleavage poly-

embryony results when the zygote or proembryo divides into two or

more embryos. This phenomenon, which is common in the gymno-

sperms, is only of sporadic occurrence in the angiosperms. Examples

are afforded by Erythronium anwricanum (Liliaceae) (Jeffrey, 1895;

Guerin, 1930); Tulipa gesneriana (LilisLCQaQ) {Emsi, 1901); Limnocharis

emarginata {Butomacea.e) (Hall, 1902); EuJophea epidendraea (Orchid-

aceae) (Swamy, 1943). Cleavage polyembryony is of fairly frequent

occurrence in the Orchidaceae. In Eulophea, the zygote may divide

irregularly forming a mukicellular mass, the more distal cells of which

grow out and form several individual embryos; or the filamentous

proembryo may branch and so yield several embryos; or small

proembryo buds may develop into separate embryos. Fig. 80d, e. In

Erythronium, the zygote divides irregularly and forms an embryonic

mass, the most distal cells of which grow out separately to form

embryos, Fig. 80c.
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In addition to the zygotic embryos, otlier embryos may not infre-

quently be formed from the synergids (with or without the intervention

of a male nucleus), or from the antipodals—a more rare phenomenon.

Fig. 80. Examples of polyembryony

A, B, Ulmiis americana. Normal and antipodal embryos (after Shattuck). C, Ery-

throitium aniericanum. Proliferation of embryonic mass with formation of several

embryos (after Jeffrey). D, E, Eiilophea epidendraea. D, The zygote has formed
a group of cells, three of which have given rise to independent embryos. E,

A bud has been formed on the right-hand side of the embryo (after Swamy). F,

Elatostema simiatum eusinuatum. A zygotic embryo and three antipodal embryos
(one undergoing its first division). G, Elatostema eurhynchum. Zygotic and lateral

embryos. H, Elatostema acuminatum. Compound embryo-sac formed by the

fusion of two embryo-sacs; that on the right has two well developed embryos; ihat

on the left has two small embryos (F-H, after Fagerlind).

Tn Ulmus americana (Urticales; Ulmaceae), the antipodal nuclei have

often an egg-like appearance and embryos are sometimes formed in

their vicinity (Shattuck, 1905), Fig. 80a, b. Antipodal embryos have

also been found in Ulmus glabra (Ekdahl, 1941), Allium odorum
(Liliaceae) (Modilewski, 1931), Sedum fabaria (Saxifragales : Cras-

sulaceae) (Mauritzon, 1933), and Elatostema sinuatum eusinuatum
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(Urticaceae) (Fagerlind, 1944), Fig, 80f-h. The further development

of antipodal embryos, however, has not been determined and it is

not known if they are viable. The presence of antipodal embryos,

with their inverted orientation, raises interesting questions regarding

the relation of the polarity of the embryo sac to the embryonic

development.

Adventive embryos afford further examples of polyembryony. In

the orchid species Spirarithes australis, some of the constituent races

yield normal zygotic embryos, but others form two to six adventive

embryos from the inner integument (Swamy, 1949).

Polyembryony may be due to the presence of multiple embryo sacs

within the ovule {see Maheshwari, 1951, for the relevant literature).

In some species, polyembryony may be induced simultaneously by

several of the methods indicated above. In Allium odorurn one third

to one half of the ovules may contain multiple embryos of ovum,
synergid and antipodal origin (Tretjakow, 1895, and Hegelmaier, 1897);

and Haberlandt (1923, 1925) has shown that, even in castrated flowers,

embryos with diploid nuclei are formed from these nuclei, as also from

cells of the inner integument. The innate complexity of this species has

been further indicated by Modilewski (1925, 1930, 1931); for it appears

that some embryo sacs contain haploid nuclei and some diploid nuclei.

In diploid embryo sacs, the polar nuclei are fertihsed and yield an

endosperm with pentaploid nuclei; the embryos have their inception

in the unfertilised diploid egg and antipodal cells. In haploid embryo
sacs, the viable embryos are formed from haploid ova after normal

fertilisation. The several developmental situations have been sum-

marised as follows by Maheshwari (1950, p. 348):

'(i) In a haploid and normally fertilised embryo sac, embryos

may begin to develop from all cells of the embryo sac and even from

the adjacent integumentary cells, but only the zygotic embryo
survives so that the mature seeds contain a single embryo, (ii)

Embryos may also begin to form from one or more cells of the

haploid and unfertilised embryo sac, but owing to the lack of an

endosperm, which can arise only after triple fusion, their growth is

soon arrested and they become non-viable, (iii) In a diploid but

unfertilised embryo sac, any of its cells (also the cells of the inner

integument) may begin to form an embryo, but eventually they all

degenerate owing to the absence of an endosperm, (iv) In diploid

embryo sacs, in which the secondary nucleus is fertilised, endosperm

formation proceeds actively and all the cells of the sac are capable

of giving rise to embryos, but only the egg embryo usually attains

maturity.'
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Cytological disturbances and somewhat comparable polyembryonic

developments have been observed in Alnus rugosa (Fagales : Betulaceae)

by Woodworth (1930) and in Atraphaxis frutescens (Polygonaceae) by

Edman (1931). In the latter species, where both micropylar and

chalazal embryos were formed, the latter usually degenerated. In

Fig. 81. Further examples of polyembryony

A, Potentilla aiirea (after Lebegue). B, Crepis capillaris (after Gerassimova). C,

Sagittaria graminia (after Johri). D, Spathiphyllum patinii (after Schurhoff). E,

Bergenia delavayi (after Lebegue). F, Arabis lyallii (after Lebegue). G, Lobelia

syphilitica (after Crete).

Elatostema spp., a multiple-origin polyembryony is also found

(Fagerlind, 1944), Fig. 80f, h. Closely contiguous embryos sometimes

fuse and form complex tissue masses. As ovum, synergid, antipodal

and nucellar embryos tend to become aligned in the embryo sac axis,

an ovum and an antipodal embryo may thus have their cotyledons

directed towards each other.

The importance of the cytological and genetical aspects of poly-

embryony is well illustrated in some species with twin and triplet
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embryos, the embryos showing the same or muUiple chromosome
numbers (Webber, 1940). Separate twin embryos, diploid and geneti-

cally identical even in heterozygous stocks, and embryos with two

plumules but a common radicle, have been observed in Zea mays seeds

(Randolph, 1936). In Thfolium pratense, twin embryos each with a

chromosome fragment, and in Medicago sativa, twins each with an

extra chromosome, have been observed (Skovsted, 1939). All these

associated embryos appear to be identical twins, i.e. originating from

a single fertilised ovum. Cytologically and genetically identical diploid

embryos could also result from the fertilisation of an ovum and one of

its synergids. Diploid twins could also arise by nucellar budding and

by the inception of an embryo in two separate embryo sacs in an ovule.

Haploid-diploid twins have also been reported in a number of species

{see Maheshwari, 1951). The explanation of this phenomenon is that

the ovum is normally fertilised and that another nucleus of the embryo

sac is stimulated to develop; or that there are two embryo sacs in the

ovule, and that fertilisation in one induces parthogenesis in the other.

In the case of diploid-triploid twins, and haploid-triploid twins, several

instances of which have been reported (Maheshwari, 1951), the several

evident cytological explanations have been advanced. It is often

difficult, if not impossible, to determine the cytological events that have

led to the formation of twin embryos of different ploidy.

Indications of a useful methodological approach, and of the

valuable data that may accrue from critical studies of polyembryony,

have been given by Randall and Rick (1945). In cytological investi-

gations oi Asparagus officinalis they found that of 405 multiple seedlings,

97 per cent were twins, 1 1 were triplets and there was one set of quad-

ruplets. Diploid twins (with 2n = 20) were the most frequent, but

haploids, triploids, tetraploids and trisomic individuals, with 10, 30, 40

and 21 chromosomes respectively, were also found. In the haploid-

diploid twins, the haploid member was always much smaller; with this

exception, however, size differences were no guide to the chromosome

constitution of the seedlings. The several embryonic conditions are

variously attributed to cleavage polyembryony and to the fertilisation

or stimulation of two cells in the same or in contiguous embryo sacs.

Although there are serious technical difficulties to be overcome, com-

prehensive investigations combining morphological, cytological and

genetical observations, and embryo culture of polyembryonic species,

seem likely to advance materially our knowledge of the factors in

embryogenesis.



Chapter XV

EMBRYOGENESIS IN FLOWERING PLANTS:

ANALYTICAL AND EXPERIMENTAL INVESTIGATIONS

EXPERIMENTAL studics of angiospemi embryology have been mainly

- concerned with the compatibilities of the male and female gametes,

the inhibition and, not infrequently, destruction of the embryo due to

genetical factors, induced parthenogenesis, and factors affecting the

embryonic development as ascertained by the methods of aseptic embryo

cuhure. Maheshwari (1951) states that experimental embryology 'is

concerned with an imitation and a modification of the course of

Nature, with a view to understanding the physics and chemistry of the

various processes underlying the development and differentiation of

the embryo, so as to bring them under human control to the furthest

extent possible.' This definition comes close to the heart of the matter,

provided the complexity of organismal phenomena is constantly borne

in mind. The experimental embryologist may rightly be concerned

with the events leading to the fertilisation of the ovum as well as with

its subsequent development. Some of these have been considered by

Maheshwari (1950). As our primary interest here lies in the actual

embryonic development, our study begins with the activated ovum, or

other embryo-yielding cells in or near the embryo sac.

Experimental investigations do not stand alone: they usually have

their inception in morphological and anatomical observations, or in

the data of growth and metabolic studies. Observational, analytical,

and experimental studies should, indeed, go together if an adequate

account of the phenomena of development is to be given. In the

two preceding Chapters a selection of the descriptive morphological

observations has been given: in the present Chapter the data of

analytical and experimental investigations are considered.

HORMONES AND SEED DEVELOPMENT

Marre and Murneek (1953) have shown that one effect of fertilisation

in maize is that hormones are produced and that these have a regulating

action on the movement of carbohydrates and nitrogen-containing

metabolites into the ovule; also, if growth-regulating substances are

applied externally, they stimulate the accumulation of sugars and the

formation of starch in the young tissues of the flowers and fruits. Ears

of an inbred line of sweet corn were treated with water-lanoline

294
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emulsions of (i) the ethyl ester of indoleacetic acid and (ii) naphthalene

acetic acid at a concentration of 1000 p.p.m., a concentration which is

effective in inducing the parthogenetic development of the kernels

(Britten, 1950). These were compared with ears in which normal

pollination had been effected, and with ears sprayed with a water-lano-

line emulsion (as control). In the course of several days no significant

changes took place in the carbohydrate content of the kernels used as

controls, whereas in both the hormone-treated and pollinated kernels

there were marked and qualitatively comparable changes, i.e. an

increase in the starch content from its initial low level and in reducing

sugar, and a decrease in sucrose. The cob was similarly affected in

respect of these changes, indicating that the hormone effect is not

restricted to the developing kernels. The pollination and the artificial

hormone treatments also resulted in some increase in the hexose

phosphates in the kernels, suggesting that the production of these

substances was greater than their utilisation, notwithstanding the fact

that the ovary was in an active state of growth. In this experiment,

Marre and Murneek have thus been able to show that there is a close

similarity between the action of the hormones, or growth-regulating

substances, naturally released by the act of fertilisation and those

which can be applied artificially. In observations of this kind we get a

glimpse of the complex system of biochemical factors and metabolic

changes involved in the development of the embryo and endosperm.

With the improvement of techniques there can be little doubt that very

substantial progress will be made along these lines. Indeed, plant

embryologists of the future will almost certainly be largely preoccupied

with cellular physiology and, in particular, with the intricate details of

the action of hormones and kindred substances. The hterature thus far

available (reviewed by Murneek (1937), Wittwer (1943) and Britten

(1950) ) indicates that the developing seed should be viewed as a dynamic

system, conspicuous features of which are the localisation and utilisation

of the products of assimilation by the embryo. That auxin and other

growth-regulating substances play an important part in this process is

borne out by an increasing body of experimental data, (see Murneek,

1937; Avery et al, 1942; Wittwer, 1943; Haagen-Smit et al, 1946;

Britten, 1947, 1950).

STARCH ACCUMULATION AND UTILISATION IN THE OVULE

The literature of plant embryology contains only scanty information

on the translocation, utilisation and accumulations of nutrients. The

relation of nutrition to embryonic development has been explored by

Buell (1952) for Dianthus, a genus in which the suspensor consists of

two large basal cells. At the spherical embryo stage, the prevascular



296 EMBRYOGENESIS IN PLANTS

cylinder of the hypocotyl is already delimited ; and the pattern of the

root meristem is apparent in embryos showing cotyledon primordia.

The number of cells in the nucellus is still on the increase up to the

spherical embryo stage, but thereafter the perisperm starch begins to

accumulate, thus affording evidence of active translocation, probably

of sugars, into the ovule by way of the funiculus.

The funiculus of the young ovule has only an incipient vascular

strand, yet it is able to translocate all the metabolites which are used in

B

Fig. 82. Dicmthiis chinensis

Starch in ovule and seed. A, Longitudinal section of ovule (diagrammatic) with a

seven-nucleate embryo sac and enveloping starch-containing tissue. B, Ovule with

young embryo. C, Ovule with maturing embryo. (A, x 102; B, x 29; C, x 21;

after Buell.)

the growth of the ovule. Indeed, some starch may actually be stored in

the young ovule. By the time the ovum is mature, the funiculus strand

has become fully differentiated into xylem and phloem. The synergids,

the basal cell of the proembryo, and the endosperm, may all function

as absorbing systems and all eventually contribute to the embryonic

development. The partial digestion of the nucellus follows a regular

pattern, the micropylar region disappearing most rapidly. Indeed, a

kind of biochemical pattern is followed during the whole post-fertilisa-

tion phase, the central and controlling component being the developing

embryo. The large basal suspensor cell has probably an absorptive

function. Perotti (1913) found protein granules in it in Stellaria media
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(Caryophyllaceae), and Rocen (1927) observed starch grains in it in

Basel/a alba (Centrospermae : Chenopodiaceae: Basellaceae).

In Dianthus, considerable quantities of starch and other reserve

foods are present in the placenta, ovary wall and ovule at the time of

fertilisation, the most conspicuous starch deposits being in the nucellus

prior to fertilisation and during the growth of the embryo from the

spherical stage to maturity. Deposits are first present in the funiculus

and extend to the micropylar end. Starch is abundant in the embryo

sac at fertilisation and is used in the early embryogeny. In ovules

containing well developed embryos, starch was still present in the

perisperm at the antipodal (i.e. cotyledon) end of the ovule, but not at

the micropylar end. This suggests that the mobilisation and uptake of

nutrients takes place by way of the basal or radicle end of the embryo,

Fig. 82. Dahlgren (1939) has given a list of angiosperms in which

starch has been observed in the embryo sac. Reserves of fat and

possibly of protein are present in the mature cotyledons and upper

hypocotyl, but there is no starch.

AMINO-ACIDS IN DEVELOPING ENDOSPERM

Species with large seeds like Zea mays lend themselves to investi-

gations of the metabolites present in the endosperm during the forma-

tion of the seed. These observations are of direct or indirect interest in

the embryonic development. Widely different types of maize all show

the same kinds of free amino-acids and amides, and in about the same

proportions, these substances being demonstrable in the endosperm at all

stages of development, subject to various fluctuations which have been

described. Most of the glutelin complex of proteins are formed during

the first half of the grain maturation period, and most of the zein

complex during the second half (Duvick, 1952) {see also p. 304)

INDUCED PARTHENOGENESIS AND ADVENTIVE EMBRYOGENESIS

Could parthenogenesis be induced in plants, it would be possible to

obtain homozygous, true-breeding types for genetical investigations

(East, 1930). The problem here is to find some substance, or treatment,

which will activate the ovum as the male nucleus does. Already in 1922

Blakeslee and others had shown the possibility of obtaining haploid

plants of Datura. Methods used to induce parthenogenesis include:

(i) exposure of flowering shoots to very high or very low temperatures,

or to X-rays; (ii) application of X-ray treated pollen, or of foreign

pollen to the stigma; (iii) delayed polhnation; and (iv) chemical

treatment (Ivanov, 1938; and Kostoff", 1941). Miintzing (1937)

obtained a haploid plant of Secale cereale by exposing the spikes to low

temperatures (0-3°C), and Nordenskiod (1939) got a similar resuh by
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exposing them to high temperatures (41°-42°C). Haploids plants of

Triticum monococcum were found in spikes which had been exposed to

X-rays at the time of meiosis (Kihara and Katayama, 1932). When
Katayama (1934, 1935) pollinated the stigmas with X-rayed pollen 16

haploids were present among 91 seedlings. Other workers have been

less successful: Smith (1946) states categorically that he obtained no

increase in the number of haploids by X-ray treatment.

The use of foreign pollen for stimulating parthenogenesis was
brought into prominence by Jorgensen (1928) working on Solatium

nigrum. The formation of haploid embryos following interspecific or

intergeneric crossing has also been reported in Brassica (Nogouchi,

1928), Oenothera (Gates and Goodwin, 1930), and Triticum (Nakajima,

1935), In Triticum monococcum, the frequency of haploids can be

augmented by delaying the time of pollination: when pollen was
applied on the sixth day after emasculation, 2 haploids were present in

10 plants; when appHed on the seventh day, 4 haploids were present

in 44 plants ; when applied on the eighth day, 5 haploids were present in

18 plants; and when applied on the ninth day, 3 haploids were present

in 8 plants (Kihara, 1940).

Yasuda (1940) found that by injecting aqueous solutions of

'belvitan'^ into the ovaries of Petunia violaceae, some striking changes

took place in the course of three days. In some ovules the nucellar

cells enlarged as a result of the stimulation; in others, the egg divided

once or twice forming a small proembryo ; and in yet others the anti-

podal cells became enlarged. According to Yasuda the belvitan

promotes cell-division in embryonic cells but causes only cell-wall

growth in mature cells. It is not known if the small embryos thus

induced were haploid or diploid, nor if they were capable of further

development.

From his survey of the investigations thus far reported, Maheshwari

(1950) concludes that a satisfactory method for inducing partheno-

genesis in higher plants has not yet been discovered. Various techniques

have yielded some results in special cases, but the number of partheno-

genetic plants so far obtained is still small: we cannot yet produce

haploid embryos at will with the consistency that polyploids can be

induced with colchicine. The difficulty seems to be that although the

egg can be made to develop parthenogenetically, no artificial means of

inducing endosperm formation is known.
To be able to induce and rear adventive, i.e. nucellar, embryos,

possessing a genetical constitution identical with that of the parent,

would be of academic interest and practical value. In cultivated fruit

trees, such as Citrus spp., the method enables uniform root-stocks to

* Belvitan: presumably a proprietary growth-regulating substance.
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be used, while in some strains of Mangifera indica (the mango:
Anacardiaceae) it affords the readiest means of propagating desirable

varieties unchanged; zygotic embryos, on the other hand, yield a wide

range of fruiting types. Because of their importance in horticulture,

many attempts have been made, thus far with little success, to induce

adventive embryos at will. Haberlandt (1921, 1922) tried to achieve

this in Oenothera by pricking and squeezing the ovules, on the hypothesis

that the proliferation of the embryo-forming cells might be due to a

necro-hormone proceeding from adjacent degenerating cells. In one

ovule he obtained two embryos which he considered to be of nucellar

origin, but this is disputed by Beth (1938) who repeated the experiment

in Oenothera and other plants without success.

Blakeslee (1941) has observed that haploid plants of Datura

stramomum, which apparently originate from unfertilised eggs, are of

frequent occurrence. This suggested that it should be possible to

produce such plants by chemical or other treatment, but so far positive

results have not been obtained (van Overbeek and Conklin, 1941). It

has become apparent, however, that successive chemical stimuli are

involved in embryo formation. These include a stimulus from the grow-

ing pollen tubes which initiates development in the placentae and

integuments, a stimulus for the further growth of the ovary which

prevents its abscission, and a stimulus for the development and differen-

tiation of the unfertilised eggs.

Overbeek, Conklin and Blakeslee (1941) have explored the possi-

bility of inducing parthenogenesis in the egg cell of Datura stramomum

by injecting the ovary with various chemical substances. These attempts

were unsuccessful, but when a 0-1 per cent solution or emulsion of the

ammonium salt of naphthaleneacetic acid or indolebutyric acid was

injected, several curous multicellular warty outgrowths of what appeared

to be the integumentary tapetal layer eventually filled the embryo sac.

These undifferentiated tissue masses, which had typically diploid nuclei,

and which had originated in the same manner that adventive embryos

originate from the tapetal layer, are described as 'pseudoembryos.' In

experimental studies of Hosta, in which it has long been known that

fertilisation is essential for the production of adventive embryos,

Fagerlind (1946) found (i) that pistils receiving abundant pollen of the

same species set seeds normally, the embryos being of nucellar origin;

(ii) that pistils receiving an inadequate supply of pollen yield some

normal and some small ovules, the latter showing neither pollen tubes

nor endosperm formation and only incipient adventive embryogeny;

(iii) that various foreign pollens had no inductive effect; and (iv) that

pistils treated with 1 per cent indoleacetic acid in lanoline remained

attached to the plant and three weeks later the ovules contained young
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adventive embryos; no endosperm was formed, however, and there

was no further embryonic development. From these experiments it

could be concluded that growth-regulating substances have some part

in the induction of adventive embryos, but that, in the absence of

endosperm, the general or special nutrients required for the further

embryonic development are not available.

EMBRYO CULTURE

In growth and other studies of embryos, it is desirable, if not

essential, to be able to induce ovum development and to culture embryos

of all ages in media of known composition. Maheshwari (1950, 1951)

has summarised the literature on embryo culture from its inception at

the hands of Hannig (1904) to the present day. Hannig showed that

crucifer embryos, about 1-2 mm. long and therefore fairly well

developed, could be grown to adult plants in nutrient media containing

sugars, mineral salts, amino-acids, plant extracts and gelatin. Stingl

(1907) found that the embryos of various species of Gramineae could

be excised and successfully implanted in the endosperm of other genera.

Camara (1943) has recently confirmed these observations: indeed, he

observed that embryos of Triticum vulgare grew better when implanted

in the endosperm of Secale than in that of T. durum or T. turgidum.

Dietrich (1924) has recorded the successful culture of immature embryos

of a number of species in Knop's solution enriched with 2- 5-5-0 per

cent cane sugar and 1-5 per cent agar. Growth in such media had the

effect of eliminating some of the 'normal stages' of development, the

excised embryos growing directly into seedlings. It thus appears that

the normal morphological development of an embryo is largely deter-

mined by the nutritional status of its environment. Laibach (1925,

1929), while making some interspecific crosses in the genus Limim,

found that the cross L. perenne x L. austriacum yielded fruits of

approximately normal size; but the seeds were greatly shrunken and

only about half as heavy as the normal seeds. By dissecting out the

embryos and placing them upon damp blotting paper he was able to

induce their germination and the resulting plants flowered and fruited.

The reciprocal cross L. austriacum x L. perenne was more difficult, for

here the fruits were shed prematurely, the seeds being then only one-

thirteenth of the weight of normal seeds and incapable of germination.

However, embryos from this cross, if excised when about a fortnight

old and placed on cotton wadding containing 10-1 5 per cent cane sugar,

continued to grow. A couple of weeks later, when the embryos were

removed from the sugar solution and placed on moist blotting paper

they germinated within a few days and eventually yielded normal

vigorous plants. These observations have important implications,
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among others that crosses between higher plants, which appear to

yield non-viable or abortive seed, may yet be made to yield growing

embryos and eventually seedlings and mature plants. Thus Tukey
(1944) showed that the early-aborting embryos o{ Primus hybrids could,

if dissected out and maintained in culture, be grown to mature and
vigorous fruiting trees. Earlier, Jergensen (1928) had used the method
to obtain hybrids between Solanum nigrum and S. luteum. Other

records are those of Bensley (1930) using Gossypium hirsutum and
G. herbaceum; Skirm (1942): species of /'nww^' and of L/7/ww ; Brink,

Cooper and Ausherman (1944): Hordeum jubatum and Secale cereale;

Smith (1944): Lycopersicon esculentum and L. peruvianum; Iwanow-
skaya (1946): Triticum durum and Elymus arenarius; and Sanders

(1948): several species of Datura.

In crosses between Hordeumjubatum and Secale cereale, fertilisation

takes place within four hours of pollination but the hybrid seeds

collapse and fail to germinate. If, however, the 9-12 days old hybrid

embryos are dissected out and placed in an artificial culture medium,
they will grow. One such seedling was maintained into the flowering

stage. Although no seeds were set by this plant, the important point

had been demonstrated that intergeneric crosses were sometimes possible

and that the death of the resuhing embryo was not necessarily due to

inherent lethal factors but to unknown factors in the environment

during development (Brink, Cooper and Ausherman, 1944). It has

been a fairly general experience that hybrid embryos tend to abort

before the cotyledons are differentiated, i.e. some metabolic factor (or

complex of factors) becomes critically important at this stage. The
nature of this factor has not yet been ascertained. The older the

embryo the more nearly autotrophic it is. The main technical problem

in embryo culture, therefore, is to establish the conditions required by

very young embryos; for these either die or develop into a mass of

callus.

Embryo culture is important economically because it enables

potentially valuable hybrids to be reared. It also affords a means of

curtailing the time required to obtain plants of species in which the

seeds normally have a long dormant period prior to germination. In

this connection. Barton and Crocker (1948) have used the method of

embryo culture to obtain early information on the viability or germina-

tion-capacity of seeds: non-viable germs soon become discoloured,

whereas viable ones enlarge and become green and autotrophic.

Embryo culture is also important in that it affords an experimental

approach to the action of various nutrients in morphogenetic processes.

Thus Doerpinghaus (1947) has examined the differences between

species of Datura in their capacity to utilise different carbohydrates.
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When the growth of excised embryos of ten species of Datura was tested

in culture media in which sucrose, dextrose, levulose, mannose and

glycerol were used as the sources of carbon, it was found that the

different species varied considerably in their reactions to these com-

pounds. For example, D. metel grew well with mannose but poorly with

sucrose and the reducing sugars, and not at all with glycerol ; whereas

D. innoxia could not utilise mannose as well as sucrose or dextrose, and

could not use levulose and glycerol. In most species, sucrose is still the

best source of carbon thus far tested.

LaRue (1936) succeeded in culturing small embryos, about 0-5 mm.
long, of species from a number of different families. Inorganic media

alone proved inadequate for the growth of young embryos, sugar and

growth-regulating substances, e.g. indoleacetic acid, yeast extract, etc.,

being essential.

Whereas seedlings increase in size mainly by cell enlargement,

embryos do so by continuing in an active state of cell division. The

factors controlling the growth of embryos are thus not the same as

those which control the enlargement of seedhngs. But the embryonic

regions of the latter, i.e. their apical growing points, may be affected

by those biochemical factors which are active in the embryo.

Impetus was given to the study of embryo culture by van Overbeek,

Conklin and Blakeslee (1941, 1942) and van Overbeek (1942) when they

showed that whereas mature embryos of Datura stramonium are

completely self-sufficient in respect of growth factors, and on simple

culture media containing minerals and sugar can grow directly into

seedlings, very small excised embryos do require growth factors. Such

factors occur in coconut milk. In vitro cultures of embryos, only

slightly beyond the proembryo stage when excised, remained embryonic

in the presence of coconut milk for at least ten days when kept in

darkness. Root growth was suppressed. Coconut milk contains at

least three growth-regulating substances: (i) the embryo factor, which

makes for cell proliferation or continued meristematic activity; (ii)

auxin in concentrations sufficient to cause inhibition of root growth;

and (iii) a factor which causes an increase in the growth of the coty-

ledons, i.e. a leaf-growth factor, the effect of which is particularly

marked in the presence of light.

When the embryo factor was added to a culture medium (containing

agar, minerals, dextrose, vitamins 81, 86, C, pantothenic acid, nicotinic

acid, adenine, glycine and succinic acid), very small embryos increased

up to 500 times, and even up to 3,500 times, their original volume in

the course of a week. The embryos were quite normal in appearance

but all their cells, as ascertained by various means, were apparently

involved in the proliferation. In the absence of the embryo factor,
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using the basic medium given above, most proembryos did not grow,
though some developed into undifferentiated callus-hke bodies. It is

thus possible to induce at will typical or atypical growth. In the embryo
factor we have a chemical substance which makes for, or sustains,

meristematic activity. Embryos kept for a few days without this factor

were unable to respond to subsequent applications and soon lost their

viability. Before it can affect the growth of embryos, the embryo factor

must apparently reach a certain threshold concentration : the younger
the embryo, the higher is this threshold value. In other words, as an
embryo becomes older it is increasingly able to synthesise its own
growth factor, the mature embryo being entirely autotrophic.

The condition of the plant from which embryos are obtained

affects the behaviour of the embryos in culture. Embryos from plants

kept in a warm but poorly lighted greenhouse failed to develop on the

basic medium, whereas those from plants growing outside at relatively

low temperatures in an abundance of light grew on the basic medium
alone. Van Overbeek concludes that the latter conditions are probably
favourable for the formation of embryo factor in the parent plant, the

factor being probably a hormone-like substance.

That the watery endosperm of the coconut contains the growth-

promoting 'coconut-milk factor' at all stages of development has been
shown by Steward and Caplin (1952). Some activity is also shown by
parts of the immature embryo but not by the solid endosperm. Growth-
promoting substances of analogous activity have been detected in the

immature milky endosperm of maize, in the gelatinous material in

immature walnut fruits, and in the young gametophyte of Ginkgo biloba.

The tissues from which these substances have been obtained appear to

grow at the expense of, or to be nourished by, the nucellar tissue. In

Cocos, Zea, and Juglans it is the immature embryo that eventually

benefits from the growth factor. The conditions that are conducive to

the accumulation of the substance seem to involve, or to be associated

with, a delay in the growth of the embryo but a precocious formation

of the endosperm.

When immature embryos of Hordeiim vulgare were excised and
cultured in a medium containing 12-5 per cent sucrose, minerals and
agar, considerably improved growth was obtained when Hordeum
endosperms were placed on the medium surrounding the embryos
(Ziebur and Brink, 1951). These endosperms also stimulate the growth

of immature embryos of other genera. Coconut milk and malt extract,

both of which promote the growth of some dicotyledonous embryos in

culture, had no favourable effect on Hordeum embryos.

Immature sedge embryos (species of Carex) can be excised and
successfully grown in Whites' standard nutrient solution (Lee, 1952).
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The best root and shoot growth was obtained in a medium containing

0-2-6-0 per cent sucrose.

Utilisation of Nitrogen Compounds. A knowledge of the forms in

which nitrogen can be utiHsed by embryos of different ages is of

paramount importance. Spoerl (1948) has pointed out that although

most embryos in situ probably receive and utilise nitrogen in an organic

form, comparatively little is known of the effect of such substances on

the growth of embryos in culture. Accordingly, he used various amino

acids as sources of nitrogen in the culture of orchid embryos, cultures

supplied with ammonium nitrate and others with no nitrogen affording

a basis for comparison. Orchid seeds, both immature and mature, are

useful for such studies since the germ is small and undifferentiated and

the seed devoid of storage materials. Of some nineteen aminoacids

tested, most were found to act as inhibitors to normal embryo develop-

ment; and none yielded as good growth as ammonium nitrate.

Arginine was the only aminoacid which supported good growth in

young embryos, all the others tested having an inhibitive effect under

the experimental conditions. With older embryos, aspartic acid proved

a good nitrogen source, but glutamic acid neither supported good
growth nor inhibited it. Growth in the light was significantly better

than in the dark with several of the nitrogen sources and also when no

nitrogen was supplied. Cysteine and cystine, however, gave better

growth in the dark. These experimental results show that little of the

nitrogen of the aminoacids is as effectively utilisable by the growing

embryo as is that of ammonium nitrate.

Other studies of aminoacid utilisation by species from different

systematic groups show little consistency in the results obtained. Thus
Burgeff (1936) and Withner (1942) found no stimulation of growth of

orchid embryos on the addition of individual aminoacids, or mixtures

of aminoacids, to a medium already supplying inorganic nitrogen.

Knudson (1932) found several of these acids to be inadequate nitrogen

sources for embryo growth. Brown (1906), however, reported that

asparagine, aspartic acid, and glutamic acid gave increases equal to

that from potassium nitrate in dry weight of excised barley embryos.

Klein (1930) states that aminoacids are absorbed by plants under

sterile conditions, but are not equally utilisable; and Virtanen and
Linkola (1946) have found that aspartic and glutamic acids are used

especially well by pea and clover plants, but these acids cause a loss of

dry weight in wheat and barley plants. MacVicar and Burris (1947)

have reported that very good growth of clover plants was obtained with

asparagine, glutamine, arginine and glycine. Among moderately good
sources of nitrogen were alanine, histidine, cystine, glutamic acid and
urea, whereas norleucine, methionine, tyrosine, leucine, tryptophane
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and phenylalanine were poor sources, some producing severe toxic

effects.

Sanders and Burkholder (1948) have reported the successful culture

of excised Datura embryos to healthy seedlings on nutrients containing

only inorganic salts and sucrose. Development was slower in culture

than in the seed and premature differentiation of roots and shoots

occurred. Various organic compounds were found to stimulate embryo

growth and retard premature differentiation. When casein hydrolysate

with cysteine and tryptophane, mixtures of aminoacids, or single amino-

acids, were added to nutrient solutions for embryos {±_ 0-2 mm. in

length) of D. inoxia and D. stramonium, the best growth was obtained

with casein hydrolysate plus cysteine and tryptophane, and with a

mixture of aminoacids approximating to the composition of casein

hydrolysate. The experimental results indicate that there are inter-

actions of the acids in their effect upon embryo growth. Whereas some

aminoacids were stimulatory, others were inhibitory. Moreover, the

embryos of the two species responded differently to individual amino-

acids. These investigators suggest that aminoacids are probably

important in the growth and differentiation of plant embryos and

possibly in such phenomena as seed dormancy and the crossability of

species.

MODIFIED ONTOGENETIC PATTERNS

When cuhuring excised immature embryos of deciduous fruits,

Tukey (1937) observed that the ontogenetic growth pattern was modified

in a definite and characteristic manner. Instead of following the usual

path of embryonic development, cultured embryos grew into plantlets

which exhibited a definite conformation, or growth pattern, this being

apparently related to the age of each embryo when excised. The normal

progressive morphological development of the embryo should not,

therefore, be regarded as an inevitable recapitulation of ancestral

history but as the necessary result of factors in the embryonic environ-

ment. Mature, or nearly mature, embryos may also produce unusual

types of growth, but these are unlike those obtained from very young

embryos. Mature but non-after-ripened seeds of Rhodotypos kerrioides

yielded plants with a dwarfish appearance, with short stocky hypocotyls

and internodes, and small dark green leaves (Flemion, 1933); this

investigator also reported a similar type of growth for non-after-

ripening embryos of peach, apple and hawthorn. Davidson (1934,

1935) described all plants raised in culture from immature peach

embryos as abnormal and dwarfish, with small, wrinkled and peculiarly

curled leaves. Von Veh (1936) found that seedlings of apple, pear,

quince, plum and cherry, raised from non-after-ripened embryos,
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developed into dwarf plants. Lammerts (1942) obtained similar results

with apricot, peach, cherry, rose and camellia.

In Tukey's experiments, each size of embryo that could be grown in

culture yielded a characteristic growth pattern, this being comparable

with the 'juvenile' and 'adult' forms known in other plants. This seems

to confirm Goebel's view that organisms are constantly changing

throughout their ontogenetic development, and that the genetical

constitution of a plant alone does not determine morphogenesis and

functional activity. Tukey observed that embryos in culture do not

pass through the morphological stages characteristic of those within

the seed ; instead, they enter at once into an independent development

characteristic of the age of the embryo when excised. The younger the

embryo is on excision, the more abnormal is its growth behaviour;

and the older the embryo is on excision, the less easily is it upset by the

new environment. Embryos at different stages of development have

different requirements: a liquid medium is favourable at one stage of

development and not at another; and glucose is favourable at one stage

and inhibiting at another. Even mature seeds must be after-ripened

before they develop normally. These facts indicate that both internal

and external factors must be considered. The failure of embryos to

follow the 'normal' pattern of embryonic development outside the

embryo sac raises the question as to the nature of the environment

which brings about 'normal' development. Hannig (1904) and others

have shown that the shape of the embryo is altered by the surrounding

tissue.

Using self and hybrid embryos of Datura discolor, D. inoxia,

D. metel a.nd D. stramonium, the embryos where possible being excised at

the heart-shaped stage, Sanders (1950) studied the effects of different

concentrations of sucrose, Na(P03)n and Fe3(P04)2 and filtered malt

extract in the culture medium. It was observed that the vigour and type

of embryonic growth were determined primarily by the size of the

embryo at excision, this being especially marked in the response to

sucrose. The effect of the genetical constitution was indicated by the

fact that the growth of D. stramonium with 4-0 per cent sucrose was

42 times that with 0-5 per cent, whereas embryos of the other three

species only increased from 1-2 to 1-7 times over the same range. Some
other specific differences were also observed in relation to the concen-

tration of Na(P03)n in the medium. With regard to growth values,

hybrid embryos resembled one or both parents, were intermediate

between them, or, occasionally, were unlike either parent. Reciprocal

hybrids were usually similar.

Embryo development in artificial culture media may follow normal

or abnormal paths in different circumstances. Among abnormal
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developments observed by Sanders in Datura stramonium were failure

to grow, tissue swellings, swollen spreading cotyledons, premature

differentiation of roots and/or plumules, multiple and fasciated embryos,

and irregular bud-like growths. When the normal embryonic differen-

tiation has been arrested, the renewed growth proceeds from a plurality

of growing points. The degree of differentiation at the time of excision

appears to be the chief factor determining the type of growth produced

in culture. Initially normal embryos tend to continue to develop

normally in culture media; initially abnormal embryos, if they grow,

tend to develop abnormally.

Normal embryos in culture in due course pass out of the embryonic

into the seedling phase, the attendant changes being comparable with

those which normally take place on seed germination. In some embryo
cultures, however, the growth developments in plumule, hypocotyl and
radicle may take place independently of one another. Sanders found

that root formation in Datura is favoured by medium concentrations

of Na(P03)n and the lower concentrations of Fe3(P04)2, and, in

particular, by the omission of malt. The elongation of the hypocotyl

increased with increased sucrose, with decreased Fe3(P04)2 and with

the addition of malt, but was unaffected by the Na(P03)n concentration.

The growth of the plumule, on the other hand, occurred more often at

the lower sucrose concentrations, at the higher Na(P03)n concentra-

tions, and with the omission of malt. These embryo culture experiments

thus demonstrate how different are the nutritional requirements of the

several organs, both quantitatively and qualitatively. In liquid culture

media, the normal, regulated growth of the embryo may be disturbed,

one or other of the organs tending to grow more rapidly or more
slowly according to the balance of nutrients provided. Lee (1950) has

shown that, in tomato seedlings, the relative growth values of the

individual organs are different when the organs are isolated than when
they form part of an intact plant, e.g. isolated cotyledons have higher

growth values than intact attached ones, but the reverse is true of stems

and roots. The factors determining these differences in relative growth

are probably the correlative effects of one part on another, the relative

availability of the substances required for growth, translocation effects,

and the conversion of substances during translocation.

A DEVELOPMENTAL STUDY OF CAPSELLA

Rijven (1952) has investigated the physiology of the embryo and
endosperm of Capsella during development. The embryogeny of this

classical species was described by Hanstein (1870) and Soueges (1916,

1919) Figs. 53, 54. Germination is described by Rijven as beginning

'at the moment that the embryonic tissue—in a state of cell division
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and plasmatic growth—becomes separated by an intercalated section

of incipient cell elongation.' The period before this elongation of tissue

sets in includes the pregerminal phases.

The Stages of Development of the Embryo in Ovulo

(after Rijven)

g Length without
^^

j suspensor
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development in that it marlcs the transition from the initial radial

symmetry to the bilateral symmetry that become apparent with the

formation of the cotyledons. This change in symmetry is attributed by

Rijven to induction by bilaterally disposed gradients in the ovular

environment. Certainly some in vitro embryos did not lose their radial

stagem to W

Stage YioMI

Fig. 83. Capsella biirsa-pastoris

Diagrammatic representation of embryo development; see Text (after Rijven).

symmetry and developed as many as six cotyledons, a result like that

obtained by Overbeek, Conklin and Blakeslee (1942) using Datura

embryos. Failure to grow very young embryos indicates that certain

ingredients are lacking in the synthetic culture medium or that certain

refinements have not yet been achieved. Embryos at the torpedo stage

grow well in culture. The osmotic value of the culture medium (or

embryo sac sap) is an important factor in determining the nature of the

embryonic growth.

Sucrose proved to be the best source of carbohydrate for embryo
growth in pure culture. Casein-hydrolysate strongly promoted growth.

Glutamine was the outstanding aminoacid for use in culture media for
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Capsella: it gave better growth results than a nitrogen-equivalent com-
plete aminoacid mixture. Ammonium lactate could not serve as a

substitute for aminoacids. In contrast with glutamine, asparagine

yielded low growth values, the embryos being characterised by an
abnormally rapid and strong production of starch.

It appears that some aminoacids, such as tyrosine and glycine, are

unsuitable for the culture of Capsella embryos. Although glutamine,

menlioned by Street (1949) as the prevailing amide in the seedlings of

Brassicaceae (Cruciferae), gave very good growth results, Rijven

considers that there may be yet other aminoacids, or related compounds,
that promote embryonic growth. Steward and Thompson (1950) have

stated that there are still twenty unidentified substances indicated

by paper-chromatography which belong to this category. The failure

of asparagine, a homologous compound, to promote growth of Capsella

embryos is the more remarkable when we remember how important it

is in protein synthesis in Pisitm, Lupinus and other Leguminosae.

The addition of bios, purine derivatives, and other growth-regulating

substances, gave negative results. Indoleacetic acid gave a small but

significant effect, stimulating growth at 0-001 p.p.m. and inhibiting it

at concentrations greater than 1-0 p.p.m. Other investigators also

have found that the addition of various growth-regulating substances

has little effect on the growth of embryos in vitro. Sanders (1950)

obtained negative results with them using Datura embryos, and
Rappaport, Satina and Blakeslee (1950) have reported that nucleic acid

is inhibitory. With Pisiim on the other hand, growth-regulating

substances have been found to have promoting effects, but this was in

the post-germinal phase.

Large, post-germinal embryos in culture yielded no evidence of

precocious germination. The germination characteristically took place

when the osmotic value of the medium was lowered. In fact, there are

important differences in the cultural requirements of pre-germinal and

post-germinal embryos.

EXPERIMENTS ON OLDER EMBRYOS

The study of older embryos not only carries its own interest but may
contribute towards an understanding of the younger and less accessible

stages. Contemporary investigators are concerned with the culture of

mature embryos, with the conditions required for the germination of the

seeds of different species, some of which present difficulties, and with

an analysis of the associated physiological process. The information

obtained from some of these studies is of practical importance in

horticulture.

In a study of the 'hormonising' of seeds, Kruyt (1952) grew excised
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pea embryos, with or without the attached cotyledons, in sterile cuUure

media. The effects of various pre-soaicing treatments, with and without

growth-regulating substances, of factors in the medium, and of leaving

larger or smaller amounts of cotyledon attached to the growing embryo,

were investigated. The ratio of the amount of reserve material in the

cotyledons to the size of the embryo has an important effect on the

morphogenetic development, root and shoot growth being stronger in

proportion to the amount of cotyledon tissue left on the embryo. No
development of plumular leaves takes place in the dark, and even in

the light embryos deprived of cotyledons scarcely form such leaves.

In fact, both leaf and root formation are determined by the presence

of cotyledon tissue. The action of various growth substances, admini-

stered by pre-soaking the seeds, apparently takes place mainly by way

of the cotyledons. (For a survey of the physiology of seeds, see

Crocker and Barton, 1953.)

NON-VIABLE EMBRYOS AND OVULAR TUMOURS

The production of interspecific crosses affords a convenient way of

modifying the immediate environment of the embryo, i.e. the endo-

sperm. Brink and Cooper (1940, 1944, 1947) have noted that in normal

seed development there is a balanced or regulated growth of the embryo,

the endosperm and the nucellar tissue. The embryonic developments

in crosses between Dianthus chinensis (with 2n = 60) and D. plumarius

(with 2n = 90) were studied by Buell (1953), the embryogenesis in the

two species being closely comparable. Viable seeds are not produced

when D. chinensis (?) is crossed with D. plumarius {h). Young embryos,

however, are formed and develop to the spherical stage; but there-

after they cease to grow and degenerate, most of them having dis-

integrated 9-10 days after pollination. Various histological differences

were noted as between the hybrid embryo and that of D. chinensis of the

same age; there were also characteristic differences in the respective

endosperms. The reciprocal cross, D. plumarius (?) and D. chinensis

(c?) is also incompatible, but the embryonic development shows fewer

irregularities than the other. The growth of these embryos is slow as

compared with the normal controls (i.e. D. plumarius). Disintegration

of the hybrid embryos, which again attained to the spherical stage,

began about 4 days after pollination, and after 8 days only fragments

of the disorganised embryos remained. The basal cells are the first to

be affected. Various anomalous endosperm developments were

observed at an early stage, e.g. failure to digest the nucellus at the

normal rate. The abortion of the embryo is probably to be attributed

to a breakdown in chemical regulation, possibly involving growth-

regulating substances or enzyme balance (Sachet, 1948). Schneider
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(1953) has attributed the abortion of the embryo in an aneuploid apple

to genetical factors.

When Datura stramonium is crossed with D. metel, the embryo
degenerates after undergoing only two or three divisions (Satina and

Blakeslee, 1935). In the cross D. prunosa X D. metel, the primary

endosperm nucleus undergoes several divisions but the zygote usually

remains undivided. In two other crosses, D. meteloides x D. discolor

and D. ceratocaula x D. meteloides (Sachet, 1948), most of the ovules

are fertilised and the endosperm and embryo at first develop normally,

though rather slowly. When the embryo has reached the spherical

stage, the endosperm begins to disintegrate but there is enlargement

and active division of the cells of the integumentary tapetum, or

endothelium. The voluminous tissue mass which is formed invades the

embryo sac and replaces the endosperm. The embryo survives in this

mass for a few days but does not undergo further divisions. Ultimately

it degenerates and disappears and hence viable seeds are not produced.

Satina, Rappaport and Blakeslee (1950) have pointed out that if, in

attempted interspecific crosses, the pre-fertilisation barriers can be over-

come, so that the male nucleus comes into contact with the egg cell,

fertilisation will usually take place. In many such crosses, however, the

zygote may fail to develop into a viable embryo, and potentially

interesting hybrids are thus not obtained. This difficulty can some-

times be overcome by the excision and artificial culture of young
embryos. Our information on the factors which cause the arrested

growth of hybrid embryos, or bring about their early abortion, is still

very inadequate. The tumour-like tissue mentioned above is consistently

present in Datura ovules showing embryo abortion, i.e. in incompatible

crosses. This incompatibility between species, which is of primary

importance in evolution, has been the subject of important investigations

by Blakeslee et al. They consider that fuller investigation of the action

of tumoral growth in hybrid ovules may eventually lead to techniques

enabling wider species and even generic crosses to be made.

Abnormal histological developments leading to embryo abortion

in ovules have been reported in other plants. Intrusive growths into

the embryo sac have been reported in Oenothera crosses by Renner

(1914), in Epilobium crosses by Michaelis (1925), in Medicago by Brink

and Cooper (1940), in Nicotiana x Petunia crosses by Kostoff (1930),

in reciprocal diploid and tetraploid Lycopersicon crosses by Cooper

(1945), and in various Nicotiana species crosses by KostolT (1930) and

by Brink and Cooper (1940). The cell proliferations observed in these

materials are generally comparable with those in Datura. The arrest

of embryo growth and the collapse of seeds have been reviewed in

detail by Brink and Cooper (1947). Different views have been advanced
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to explain the latter phenomenon. According to Laibach (1925, 1929,

1931), the maternal ovular tissue exercises a fatal influence on the

growth of the embryo, but in Liinim, as in Datura, the embryo can be

kept alive if it is removed in time from its surroundings. Hiorth (1926)

suggested that these anomalous developments are to be understood as

disturbances in the physiological relation between the embryo and the

maternal tissue. Fagerlind (1944) and Blalceslee et. al, have referred

to the possible stimulatory eff"ect by the male parent in this connection.

But, as Satina, Rappaport and Blakeslee (1950) point out, the growth
processes in ovules from incompatible crosses still require elucidation.

In particular, the cause of the abnormal growth of the endothelial layer

in Datura is highly enigmatic; for, in compatible fertilisations, this

layer acts as a source of nutriment to the embryo while in incompatible

crosses it eventually has a destructive action on it. The growth of the

tumour stops when the cell contents of the endosperm and of the

embryo have been absorbed. No outward growth of the tumour has

been observed. The speed and intensity of tumour growth depend on
several factors such as the species and races used in the crosses. Large

swollen seeds, with a jelly-like substance but without tumours, may also

be found. In such seeds the endothelium as well as the contents of the

embryo sac is destroyed.

Various attempts were made by Satina et al (1950) to prevent the

abortion of embryos in ovules in interspecific Datura crosses, but all

proved unsuccessful. These included the treatment of ovaries with

pollen extracts, the treatment of the pollen with vapours and solutions

of auxins, the treatment of ovaries with extracts of styles and ovaries

of selfed Daturas, the injection of different hormones, vitamin mixtures,

enzymes and nutrient media into the ovaries, spraying leaves with sugar

solutions containing enzymes, and the injection and spraying of malt

extracts. Tumoral tissues and embryo-sac contents from incompatible

Datura crosses were added to semi-synthetic cultures of normal

D. stramonium embryos and were found to have an inhibiting effect on
embryo growth; the inhibition varied from 52-100 per cent, the latter

causing the death of embryo. Extracts of ovular tumours have now
been prepared by Rappaport, Satina and Blakeslee (1950) and their

effects observed when they were injected into the embryo sacs of

incompatible crosses and selfed strains, Fig. 84. It has been ascertained

that, in tumours associated with embryo abortion in incompatible

crosses of Datura, a water-soluble thermostable substance, unrelated to

auxin, is present. This substance can inhibit the growth of selfed

D. stramonium embryos both in vitro and in vivo. The embryo-sac con-

tents of inhibited ovules contain a substance capable of inhibiting

another set ofcapsules. This substance is reported as having been effective
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in three successive passages, and this may be indicative of a self-dupli-

cation, or autocatalytic reaction, such as occurs in viruses, or of a new
formation of inhibitor stimulated by the originally injected tumour
extracts. Such tests as have been made of this substance indicate the

presence of nucleic acids. It has also been found that the embryo-sac

Fig. 84. Datura stramonium

Transverse section of D. stramonium 2n-ovules from injected capsules. A, Ovule
from untreated locule with normal embryo at the stage of 'bent torpedo.' B, Ovule
from locule injected with solution of 1 -0 p. p.m. RNA; slightly retarded embryo at

the 'advanced torpedo' stage. C, Ovule from locule injected with solution of RNA
100 p. p.m.; embryo retarded at the 'young torpedo' stage. D, Ovule from locule

injected with RNA 250 p. p.m. ; embryo retarded at the 'heart' stage and endosperm
partly digested. A and D are ovules from different locules but from the same

capsule (all x 30; after Rappaport, Satina and Blakeslee).

contents of ovules of selfed Datura capsules contain (i) 6 times as

much of the same substance as is present in the ovules of an incom-

patible cross. Extracts of embryo-sac contents of selfed Datura ovules

with high nucleic acid content, as well as commercial desoxyribo-

nucleic and ribonucleic acids, were injected into ovules of incompatible

crosses, but embryo abortion still took place. Ribonucleic and
desoxyribonucleic acids inhibited embryo growth in selfed D. stra-

monium capsules : the former also inhibited embryo growth in cultures,

but the latter did not. The embryo-sac contents of D. stramonium and
D. meteloides both contain nucleic acids ; but extracts of the embryo-sac
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contents of their incompatible hybrids did not show the presence

of nucleic acids, although they strongly inhibited embryo growth.

Although nucleic acids may have an inhibitory effect on embryo
growth similar to that of ovular tumour extract, it is considered that

they are probably not truly alike in their action.

In a comparison of the effects of nucleic acids and extracts of

ovular tumours on the development of Datura embryos, Rappaport

(1950) found that both ribonucleic and desoxyribonucleic acid, when
injected into young selfed D. stramonium capsules, produced an

inhibitory effect apparently similar to that caused by injections of

extracts of ovular tumours. The endosperm disintegrated and the

embryonic development was strongly retarded or completely inhibited.

Higher concentrations of these substances usually caused the death of

the ovules, ribonucleic acid showing greater effects at lower concen-

trations than desoxyribonucleic acid. When ribonucleic acid was added

to embryo cultures of D. stramonium, it caused an inhibition of about

70 per cent at a concentration of 10 p.p.m. but no significant inhibition

was observed by additions of the same concentration of desoxyri-

bonucleic acid. These investigations are being continued.

SUGAR REQUIREMENTS AT DIFFERENT STAGES

Rietsema et al. (1953), in a study of the sucrose requirements of

Datura stramonium embryos in vitro, incubated during 8 days, have

recorded the following observations. Different stages of development

require different minimal sucrose concentrations for growth: pre-

heart stages, 8-12 per cent; late heart stage, 4 per cent; and nearly

mature embryos grow even without sucrose. The optimal concen-

tration for hypocotyls is {±_) 8 per cent in the pre-heart stage and
decreases to 1 •0-0-5 per cent in the torpedo stage. Cotyledons and

hypocotyls have the same growth rate up to 5-8 mm. ; thereafter

hypocotyls alone continue growth. Roots develop when hypocotyls are

2-5-4 mm. long. Their optimal sucrose concentration is (±) 2 per cent.

Higher concentrations than 4 per cent decrease root formation.

Different embryo stages require different osmotic values of the medium.

The optimal osmotic value decreases as the embryo stage advances. If

the osmotic value is kept constant, all embryo stages respond in the

same way to changes in the sucrose concentration.

CYTOGENETICAL AND PHYSIOLOGICAL STUDIES OF

ENDOSPERM AND EMBRYO

In that the endosperm provides the medium in which the growth

of the zygote through to the fully organised embryo in the mature seed

takes place, and that the inception of both the embryo and endosperm
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is normally determined by the entry of the male nuclei into the embryo

sac and their fusion with the egg and polar nuclei, physiological in-

vestigations of the relevant cytogenetical phenomena seem likely to

make for important advances in our knowledge. If the gametophyte is

of the normal type, the zygote and primary endosperm nuclei, with 2x

and 3x chromosomes respectively, are alike qualitatively, except that the

endosperm nucleus has two gene complexes of megaspore origin. In

the Oenothera (Onagraceae) type of development, the zygote and

primary endosperm nuclei are identical. But in gametophytes of

bisporic and tetrasporic origin, the gene complexes of the polar nuclei

are unlike and, on fertilisation, the zygote and primary endosperm

nuclei will differ qualitatively. These nuclei will also differ from those

of the adjacent nucellar tissue. Different chemical reactions may thus

result from the development of the endosperm in different instances,

and these may affect the embryonic development. Brink and Cooper

(1947), to whom the reader is referred for a valuable review of these

matters, have pointed out that the genetical constitution of the endo-

sperm, e.g. in the Gramineae, can be varied in known ways by controlling

the kind of pollen used in fertilisation, and that this approach has

proved of great value in investigating the properties of endosperm and

its effects on the developing embryo. They have also indicated, by

reference to the relevant literature, that several kinds of hereditary

modification of the balance between the embryo, endosperm, and

maternal tissues may lead to seed abortion. These cytogenetic and

physiological phenomena, including that of hybrid vigour, seem likely

to occupy an important place in future studies of embryogenesis.

In concluding this Chapter on the experimental investigation of

angiosperm embryology, it may be noted that the most promising field

of work appears to lie in physiological genetics; for the basic pheno-

menon of the normal embryonic development of any particular species

is that there is a regulated specific growth development of the zygote

into a progressively larger, more complex and highly differentiated

entity. This growth development is the result of the characteristic

metabolism of the germ itself and of its environment, both of which

are gene-determined. As we have seen, modern biochemical techniques

and experimental ingenuity have enabled a beginning to be made in the

study of these very important and interesting embryological phenomena.



Chapter XVI

GENERAL CONCLUSIONS

GENERAL FEATURES OF EMBRYOS

SPECIES from the major systematic groups—Algae, Bryophyta,

Pteridophyta and Spermatophyta—show marked differences in

their size, form, structure and reproduction, i.e. they exempUfy different

levels of organisation. And while there is general agreement that these

levels of organisation afford evidence of the progressive and continuous

evolution of plants, more or less wide 'phyletic gaps' separate not only

the major systematic groups but even groups of closer affinity. Having

now before us the data of a general survey of plant embryology, we
may therefore inquire if there are any organisational features which

are common to all embryos. In other words, does the relative simplicity

of embryos enable us to perceive essential similarities, and possibly

relationships, between organisms which become obscured during their

subsequent development to the adult state under the impact of genetical

and environmental factors? Such homologies of organisation as

embryos may show are, of course, of the greatest interest from the

causal point of view, quite apart from their value in taxonomy.

In the zygotic development of all plants, from algae to angiosperms,

the following phenomena are of general occurrence

:

(i) In the mature or newly fertilised ovum, the distribution of

metabolites is, or quickly becomes, markedly heterogeneous; and with

or without an attendant elongation of the zygote, an accumulation of

different metabolites takes place in two diametrically opposite regions,

the polarity of the new organism being thereby established. These

observations have also a general application to the germination of spores.

(ii) Where the ovum is enclosed, the physiological activity of the

surrounding tissue is probably important in determining its polarity.

In the free-floating zygotes of algae, factors in the environment may
induce the reactions which lead to the establishment of polarity.

(iii) In the polarised zygote, the apical or distal pole becomes the

principle locus of protein synthesis, growth and morphogenesis;

whereas the basal or proximal pole is characterised by the accumulation

of osmotically active substances, its cells becoming vacuolated and

distended.

(iv) The first division of the zygote is typically by a wall at right

angles to the axis, cell division being probably stimulated by the increase

317
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in size and the instability associated with the drift to cytoplasmic or

metabolic heterogeneity. As cell division tends to restore equiUbrium

in the system, the position of the partition wall will be such that the

forces present in the two daughter cells will be balanced. According to

the nature and distribution of these forces, the zygote may be more or

less equally divided, or it may be divided into a small, densely proto-

plasmic distal cell and a larger basal cell. The nature of this division

is thus ultimately determined by the specific constitution and meta-

bolism of the zygote.

(v) During the further growth of the embryo, the positions of the

successive partition walls are in general conformity with Errera's law

of cell division by walls of minimal area.

(vi) As the embryonic development proceeds, factors in the genetical

constitution and in the environment become effective; growth is

specifically allometric or differential ; and the embryo begins to assume

a distinctive form. An immense diversity of form is thus possible, but,

with some exceptions, e.g. colonial algae, axial development is a general

concomitant of the establishment of polarity.

(vii) While the embryo is still small, it shows an acropetal gradient

of decreasing cell size. With the exception of those algae which grow
by means of an intercalary meristem, the distal region of the axis, which

may remain perennially embryonic, becomes organised histologically

as an apical growing point.

(viii) Nutrients are taken up from the environment by the more
basal tissues of the embryo and translocated to the apex. Primary

growth is in the nature of an accretionary process, the older tissues

becoming firm and rigid and showing various characteristic concentric

and radiate differentiation patterns.

It is thus possible to specify a number of developments that are

typical of the embryogeny of all classes of autotrophic plants. This

homology of organisation could be ascribed to (a) the origin of all

classes of plants from a common ancestor; (b) the morphogenetic

action of the same physical and chemical factors and developmental

relationships; or (c) the evolution of parallel or convergent genetical

systems. The differences between the embryos of related species, or

between those of species in the larger taxonomic units, are due primarily

to genetical factors. Thus, in many monocotyledons, the segmentation

pattern of the young embryo is practically identical with that of many
dicotyledons; but later, the distribution of growth in the embryos
becomes notably different, one forming two cotyledons with a terminal

shoot apex, the other a single terminal cotyledon with a lateral apex.

The unavoidable conclusion is that the different distributions of growth
in the two embryos are gene-determined, as is also the distinctive
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growth pattern throughout the ontogenetic development. But environ-

mental and other factors are also active in determining the nature of the

embryonic development and hence, to arrive at any comprehensive

understanding, all the factors which may be involved must be duly

considered.

FACTORS AND RELATIONSHIPS IN EMBRYOGENY

It is assumed that all the factors in the embryonic development

work in accordance with the laws of physics and chemistry. The factors

and relationships involved may be indicated as follows.

Genetical Factors. If, as is generally accepted, these determine both

the general and specific metabolism of plant cells and tissues, then

substances such as growth-regulating substances, enzymes, etc., are

ultimately gene-determined. Since a gene is essentially a large organic

molecule, the reactions which it stimulates and controls must proceed

in conformity with the laws of physical chemistry as applied to organic

reaction systems. As a working hypothesis, a fertilised ovum may be

regarded as a complex, gene-determined, reaction system. According

to the components of the system and the sustaining environmental

conditions, characteristic chains of reactions will be set in motion, and

the resulting biochemical pattern, or patternised distribution of meta-

bolites, will constitute the basis for the visible morphological and

histological developments.

Physiological and Physical Factors. Important aspects of the

embryonic development are referable to physical factors and to physio-

logical processes and relationships that are common to all green plants.

Diffusion gradients, the action of gravity, light, surface tension and

other forces, the tendency towards a state of equilibrium in a dynamic

system, various factors in the environment, and organismal phenomena

such as correlation, the reciprocal relationships of parts, the inception

of growth centres, and functional activities, may all be involved in the

embryonic process. Here it is important to note that differently

constituted reaction systems may yield closely comparable organismal

patterns (Turing, 1952; Wardlaw, 1953). The characteristic develop-

ment of an embryo, then, is due to a whole nexus of factors and

relationships ; and while genetical factors are primary, other, essentially

extrinsic, factors are among the proximate causes of the observed

developments.

Protoplasmic Organisation. The direct action of genes and of

various physical and environmental factors does not, however, afford

the basis for an adequate account of embryogenesis. The zygote of a

particular species is not simply a complex diffusion reaction system:

it is an organismal system, with a specific organisation, perhaps with a
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definite micro-structure of some kind, in which complex reactions not

only take place, but take place in an orderly manner. At some future

time it may be that this specific protoplasmic organisation will be

partially defined in terms of physical chemistry; meanwhile, as

Needham (1942) and Woodger (1945) have emphasised, there is need

for a theory of zygote structure, in addition to the theory of the gene,

to explain embryological data. In the view of Needham and others,

the way in which a young embryo develops is determined by the proto-

plasmic organisation of the fertilised ovum. That such organisation

exists is indicated by experimental and other evidence, but its nature

cannot yet be defined. Studies of centrifuged eggs have suggested that

the ovum contains a framework of a viscid protoplasmic substance

which can recover its normal form after distortion; and it is known
that the eggs of some species may develop normally after their movable

ingredients have been stratified. In some eggs, however, the cytoplasm

may apparently flow like a liquid. Needham envisages the protein

chains of the protoplasmic lattice as being 'connected at many points

by residual valencies and relatively loose attachments' and as being

capable of springing back into position after disarrangement. This he

refers to as dynamic structure in protoplasm. Schleip (1929) has

pointed out that in every attempt to explain the polarity and symmetry

of eggs 'some as yet unknown property of the protoplasm has to be

introduced.' He refers to this property as the intimate structure of the

protoplasm. Needham has indicated the kinds of theories and facts

that may contribute towards an understanding of the intimate structure.

Liquid crystals, i.e. substances in the paracrystalline state, may be

important, because (he says) 'hving systems actually are liquid crystals,

or, it would be more correct to say, the paracrystalline state undoubtedly

exists in living cells' (1942, p. 661). Paracrystalline substances have

elongated molecules which can be distributed or arranged in different

ways, regular and irregular, according to the conditions in which they

exist: the molecules may be completely at random, as in the true

isotropic liquid state, or they may be disposed in different patterns

with a high degree of regularity in the crystalline solid state. The
protoplasmic organisation at any particular time is also of the greatest

importance in determining the competence of cells to react to morpho-
genetic and other stimuli.

Child (1941, p. 694) agrees that living protoplasts and the skeletal

materials (cell walls) do yield remarkable evidence of a definite mole-

cular or micellar structure and orientation {see also Frey Wyssling,

1948). Change of pattern of proteins in relation to tension can also be

demonstrated and there is evidence of molecular orientation to surfaces

and interfaces. But, in Child's view: 'Protoplasms in general have not
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yet been shown to possess any such structure that might serve as a

basis for developmental pattern. Evidence of the presence in eggs or

other reproductive cells of a space lattice related to developmental

pattern is at present lacking' {see also Weiss, 1950). According to

Seifriz (1935, 1936, 1938), there is, in protoplasm, a continuity of

structure consisting of elongated molecules (as in carbohydrates and

proteins) to which the polarity and symmetry of organisms can be

attributed, Harrison (1936), too, has advanced a molecular hypothesis

to account for specific regional localisations: the embryonic develop-

mental pattern is to be ascribed to the protein pattern. Because of the

bipolar character of protein molecules, Harrison considers that they

may become orientated in the cell possibly in relation to the point of

attachment in the ovary; and, in relation to the different chemical

properties at the poles, two material gradients will be initiated. Local

reactions will also take place at points along these gradients and the

comphcations of development will ensue. In all these theories, Child

sees the need for introducing metabolic factors without which the struc-

ture must remain static, if it can indeed come into existence. Molecular

orientation, in short, 'must result secondarily from the metabolic

differential pattern.' The diffusion reaction theory of morphogenesis

advanced by Turing (p. 34) would account for the differentiation of

the zygote and for many aspects of the embryonic development without

the need for invoking a specific protoplasmic structural organisation.

Zoological studies indicate that some differential distribution and

segregation of materials are present in all eggs (Weiss, 1939). Most
animal zygotes show axial differentiation, the reserve materials being

aggregated at the basal pole and those needed for meristematic activity

at the apical pole. The interior of the egg is typically in a semi-liquid

condition. Although the organisation in the animal egg has often been

considered to be based on some kind of framework, no such structure

can be detected, the network of fibrils seen in cytological material being

considered to be artefacts produced by coagulation. In Weiss' view

this, however, 'does not preclude the possibility of a dynamic structure,

that is, a definite pattern into which the diverse molecular groups would

force one another by mutual specific repulsions, attractions and other

interactions.' But he admits that this assumption is wholly hypo-

thetical. Microscopical studies justify the view that the surface cyto-

plasm of eggs has some organisation, but this 'is simple beyond com-

parison, when contrasted with the enormous diversity of local characters

appearing in the later course of development.' The progressive

development of heterogeneity in the germ, and the specific localisation

of organ primordia are not determined by the segmentation pattern, the

cleavage pattern being a result of the organisation of the egg cytoplasm.



322 EMBRYOGENESIS IN PLANTS

Cellular Potentiality. As an embryo develops, its cells and parts,

or regions, become differentiated in characteristic ways. On this

subject many views have been expressed. Driesch (1908) thought of the

different protoplasmic potentialities of the zygote as being very early

distributed among the cells of the embryo, cells in certain positions

inheriting the particular properties or qualities of specific regions of

the ovum: this is the conception of the Cellular Mosaic. But other

workers, such as Dalcq (1938, 1941), consider that all meristematic

cells may retain their totipotency for a long time and that their

specialisation in a particular direction is due to the action of hormones
emanating from special centres of growth activity. A majority of

botanists would no doubt subscribe to the latter rather than the former

view.

NUTRITION, GROWTH AND ORGANISATION

A developing zygote is a specific dynamic system, operating in a

particular environment. Under normal conditions for the species, this

environment—prothallus or embryo sac and nucellus—provides the

nutrients used by the embryo during its growth. While the specific

constitution and organisation of the zygote will determine, or limit, the

kind (or kinds) of pattern that may be developed from it, the particular

pattern actually developed may be more or less directly due to factors

in the environment, e.g. physiological gradients, the balance of nutrients

supplied, and so on. In general, in the matter of its nutrition, the young
embryo behaves like a shoot in miniature.

In a number of lycopods, Selaginellas and ferns, the early embryo-

geny is characterised by conspicuous carbohydrate metabolism and by

a delay in the organisation of the shoot apex and the axial vascular

system. The considerable phase of suspensor development in gymno-
sperms may perhaps be ascribed to somewhat comparable nutritional

relationships; and instances of extensive suspensor or parenchyma
development, with delayed organisation of the shoot apex, are also

known in the embryology of flowering plants. These observations

suggest that in the early embryogeny the supply of nitrogen-containing

metabolites, or of substances essential to protein synthesis and the

maintenance of meristematic activity, may be limiting. Overbeek,

Conklin and Blakeslee (1941, 1942) and Overbeek (1942) have shown
that whereas mature embryos of Datura stramonium are completely

self-sufficient in respect of growth factors, and, on simple culture

media containing minerals and sugar can grow directly into seedlings,

very small embryos must have growth factors added to the medium if

growth is to continue.
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EMBRYOLOGICAL SIMILITUDE

Not only are the major phyletic lines or subdivisions of the Plant

Kingdom separated by wide 'phyletic gaps,' but gaps may also separate

taxonomic groups of apparently close affinity. It may therefore be
asked if the present survey indicates that the basic structural plans, or
organisational patterns, of species in the major groups are perhaps less

different than their adult conformations lead one to suppose. The
answer to this very difficult question appears to be in the affirmative:

in an earlier Section (p. 317) it has been seen that certain features are

common to the embryological development of all plants except the sim-

plest filamentous algae, colonial algae, fungi and lichens. To use

Woodger's terminology, the constructional plans (or Bauplans), as

manifested in the early embryogeny, in Oedogonium, Fiicus, Marchantia,
Funaria, Lycopodlum, Angiopteris, Pinus, Capsella and Lilium are more
alike than they are unlike; they have, in fact, a great deal in common.
In their initial development, the zygotes of these representative genera
react as if they shared a common basic substance; but later, when
various specific genetical factors begin to act, very divergent morpho-
logical developments become evident. In the alternative interpretation

—that the living substance is rather diff'erent in them all—the com-
parable embryonic developments might be attributed either to parallel

or convergent evolution, or to the impact of the same extrinsic factors.

There is general acceptance of the view that bryophytes, pteridophytes

and seed plants all evolved from green algal ancestors, and therefore it

may be assumed that all have some protoplasmic organisation and
constituents in common. For example, the photosynthetic, respiratory

and osmotic mechanisms appear to be common to all autotrophic

plants. It is therefore understandable why some developmental

features are common to species in diff'erent major groups. It is a

considerably more exacting task, however, to decide whether or not

the data of embryogeny enable us to discern affinities between major
divisions such as algae, bryophytes and pteridophytes, or ferns,

gymnosperms and flowering plants.

In comparing early embryonic developments, it would be helpful

to know how mutations may affect the immediate post-zygotic develop-

ment. What, for example, is the nature and magnitude of the genetical

change that determines the loss of the suspensor in a group, or genus,

in which that organ is normally present ? In the zygote, envisaged as a

reaction system, it may be that a comparatively small constitutional

change determines the presence or absence of a suspensor; e.g. in the

Marattiaceae and Ophioglossaceae there are species with a suspensor

and related species without one; and among flowering plants we can
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find practically every gradation between species with a well developed

suspensor and those in which it is inconspicuous or virtually absent.

Sooner or later the angiosperms may be expected to yield evidence as

to the kinds of genetical change that determine differences in the early

embryogeny; for some of these early differences prepare the way for

the very considerable differences between the adult organisms.

EMBRYOGENESIS AND PHYLOGENY

In the post-Darwinian or so-called Phyletic Period, botanists were

confident that it would be possible to devise a satisfactory, and even

fairly complete, phylogenetic classification. It was held that algae,

bryophytes, pteridophytes, gymnosperms and angiosperms constituted

a continuous evolutionary sequence, i.e. one long-sustained line of

descent, protrayed as a genealogical tree consisting of a major stem

and lateral branches. Later, however, it was realised that closely

comparable morphological and anatomical features might be due to

parallel or convergent evolution, and that there might have been evolu-

tion along several comparable but quite distinct phyletic lines. Indeed,

it is now apparent that many major trends of special interest to

biologists, e.g. from isogamy to oogamy in algae and fungi, or from

actinomorphy to zygomorphy in floral structure, have taken place

independently in unrelated phyletic lines.

In the Phyletic Period, it was thought that bryophytes and pterido-

phytes, both amphibious archegoniate plants, formed part of a con-

tinuous line of descent from a filamentous green algal ancestor, the

pteridophytes being more progressive offshoots from a bryophyte

ancestry. To-day it is agreed that both subdivisions had probably

algal ancestors, but it is no longer held, at least with conviction, that

pteridophytes were derived from bryophytes : and even if they were,

the gap between the two seems unbridgeable on existing criteria of

comparison. Some authors have tried to get over this difficulty by

saying that the bryophytes have remained at a level of organisation

through which the pteridophytes must have passed, the conception of

a lineal relationship being thus retained without the necessity of

specifying linking organisms. It was also formerly held that the

pteridophytes are a coherent group, members of the several classes

being vascular cryptogams with the same general reproductive organisa-

tion and life history. In contemporary taxonomy the concept of

Pteridophyta has been replaced by four major phyletic lines or sub-

divisions, i.e. Psilopsida, Sphenopsida, Lycopsida and Filicopsida (or

Pteropsida),^ each stemming from some green algal stock, or from a

leafless and rootless archetype of vascular plants which was perhaps

^ For a review of the designation of the vascular plants see Just (1945).
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not unlike the fossil Rhyiiia. Here, too, it has been suggested that if the

more complex vascular plants were not derived from a Psilopsid

ancestral type, they probably passed through that level of organisation

in the course of their evolution.

Although wide phyletic gaps admittedly separate algae, bryophytes,

pteridophytes, gymnosperms and angiosperms, the fossil evidence is,

nevertheless, generally consistent with the view that these groups

appeared in that sequence during the process of evolution. The
existence of some kind of linking relationship is thus a reasonable

inference. In the present context we may ask if the embryological data

either enable us to bridge the phyletic gaps or to apprehend more

adequately their nature.

In his Theory of Transformation, D'Arcy Thompson (1917, 1942)

has shown that in a related group of organisms it is possible to indicate

homologies, or identities, which were not evident before, by the use of

deformed Cartesian coordinates. By this method, morphological

differences in organisms of the same affinity can be analysed and, in

many instances, can be shown to be more or less simple deformations

of an original type. In the view of Richards and Riley (1937) the true

field for the use of D'Arcy Thompson's Method of Transformation lies

in development and not in evolution, or, as Medawar (1945) says, 'in

the process of transforming, and not in the fait accompli.'' The real

transformations that underlie the evolutionary transformations are

zygotic transformations and these do not lend themselves to treatment

by this method. (For recent discussion of this aspect, see Medawar,

1945; Richards and Riley, 1937; Richards and Kavanagh, 1943, 1945;

Needham, 1942; Woodger, 1945; Wardlaw, 1952.) Woodger has

pointed out that although the 'structural plans' (Bauplans) of the adults

of two species may be very different, the two may have a Bauplan in

common at the unicellular zygote stage; and if we had an adequate

theory of cell-organisation we might be surprised to find how little the

Bauplan determining the zygote of one species differs from that of

another.

The green algae may be regarded as organisms with constitutional

limitations on their capacity for growth to any considerable size and

they have remained at a low level of organisation—the simple or

branched filament. Nitella, Chara, and some members of the Chaeto-

phorales, may be indicated as green algae in which a considerably

higher level of organisation has been attained; but they still remain

limited in their size development and differentiation. Indeed, it seems

reasonable to accept the view of Fritsch (1945) that those green algae

which were capable of developing to larger size, and of becoming more

highly differentiated, became the progressive and successful plants of
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the land. The brown algae, and in particular the Fucales and Lamina-

riales, afford examples of organisms which are not closely restricted

in their size development: they have attained to a considerable level

of somatic organisation and in their embryogeny are not unlike plants

considerably higher in the evolutionary scale.

In their sporophyte and gametophyte generations the bryophytes

also show genetically-limited growth development. In the development

of a moss zygote, the cell divisions are such as to define an apical cell

and this cell grows and divides as if a vegetative axis was about to be

formed. After a few divisions, however, apical growth virtually

ceases, the further developments resulting in the organisation and

maturation of the capsule. This is the general pattern of bryophyte

development. An interesting exception is provided by Anthoceros.

In this genus {see Chapter V), although the vegetative growth of the

distal region of the sporophyte soon stops, the sporophyte continues

to elongate by intercalary growth just above the haustorial base.

Comparisons have been made between the sporophytes of Anthoceros

and of some vascular plants, and it has been suggested that this genus

affords common ground between bryophytes and pteridophytes. It is

very doubtful if this view can be upheld. The kind of bryophyte which

could have been a forerunner of the Pteridophyta, if we assume the

real existence of such a relationship, would have been one with a

thalloid gametophyte and a robust embryogeny in which the apical

growth persisted for some considerable time, i.e. before the sporogenous

phase supervened. No bryophyte possessing this organisation is

known; indeed, such an organism would have been a nascent pteri-

dophyte, probably resembling Rhynia major. It may thus be suggested

that during the Early Palaeozoic period there was a group of advanced

and actively evolving green algae which possessed a nascent arche-

goniate organisation—this common organisation being subsequently

retained, though modified in various ways, in all plants above the algal

level. The Bryophyta would include those organisms in which there

was a constitutional restriction of apical growth in the sporophytic

development, while the vascular plants would include all those in which

there was no such restriction. From the foregoing considerations it

will be seen that the embryological evidence is not contrary to the

conception of a common ancestry for archegoniate plants.

We may now consider how embryological study affects the old

conception of Pteridophyta. While the embryos in the several con-

stituent classes have some general features in common, they also show

characteristic differences. The embryogenies of Lycopodium and

Selaginella are closely comparable and so also are those of euspor-

angiate and leptosporangiate ferns. But, on the embryological evidence,
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Psilotineae, Lycopodineae, Equisetineae and Filicineae are sufficiently

different as to be regarded as distinct phyletic lines, though the possi-

bility of their having sprung from a common ancestor, or ancestral

group, is not necessarily precluded. Similarly, a study of gymnosperm

and angiosperm embryos affords no clue as to how the latter should be

related phylogenetically to the former.

Investigations of numerous dicotyledon embryos have shown with

what a high degree of precision and constancy the successive develop-

ments take place in any particular species. Particular genetical factors

apparently become effective early in the ontogenetic development.

If, now, in a species which is in an active state of evolution, there

are mutant genes which affect the early embryogeny as well as the

later stages of development, it is conceivable that the embryonic

development could become so modified that the older embryos of

parental and mutant types would no longer closely resemble each other.

Considerations such as these enable us to envisage, if only in a very

general and speculative way, how major systematic groups could have

originated from a common source. In some such way the divergence

of the bryophytes and the several lines of vascular plants from a

common protoarchegoniate ancestral stock could perhaps be explained.

Such views must, of course, be treated with caution: the prevalence

of parallel evolution must always be borne in mind and accorded due

consideration.

The embryos of related organisms tend to be more alike than the

aduUs, and this Haldane (1932) has explained by saying that the genes

which determine the interspecific differences exercise their chief effects

rather late in the individual development. But if, as a result of

mutational change, certain genes became active at an early stage in the

embryogeny, far-reaching morphological and structural changes might

follow; and it might be difficult to realise that the mutant and the

parental forms were really closely allied. And if we further suppose

that changes of this kind, which have been described as acceleration,

together with other changes, have taken place cumulatively over a long

period of time, the eventual morphological differences, which are the

bases for separating the larger systematic units, may well mask the

original community of origin. The several effects on the embryogeny

and adult structure produced by changes in the time of action of genes

have been discussed in some detail for animal embryos by de Beer

(1930, 1940, 1951). The same process may simultaneously accelerate or

retard the action of a large number of genes. Thus a change in per-

meability, perhaps due to a single gene, would affect the action of many

gene-determined metabolites, with important consequential effects on

the morphological development. Until we gain a better understanding
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of the processes involved in embryogenesis and of the nature and
magnitude of the factors producing particular morphological results,

we are in no position to say how wide the differences are between the

configurations which morphologists and taxonomists use as criteria of

comparison. Woodger (1945) has summarised the position by saying

that when we are able to replace a classification based on adult con-

figurations by one of zygote types, 'phylogenetic speculation will be

transferred from the plane of taxonomic transformations between adults

to the plane of actual or possible genetic transformations between

zygotes.' If we ever reach this position, the seemingly impassable or

unbridgeable gaps in the phylogenetic system may be found to have no

real existence.

In concluding this Section, the question may perhaps be asked if it

is reasonable to expect to find similarities in embryos of distantly

related phyletic lines. If the hypothetical common ancestral group is

of great antiquity, as it seems to be in the case of the vascular plants,

it is hardly to be expected that the embryos of the living forms will be

closely comparable. But it is reasonable to suppose that some general

basic features may be common to them all, and this, in fact, is what we
find. In short, while there may have been more or less close embryo-

logical similitude at an early stage in the divergence of the several major

phyletic lines from the common ancestral stock, it is scarcely to be

expected that this would still be found in the contemporary correlatives.

EXOSCOPIC AND ENDOSCOPIC EMBRYOGENY

When a suspensor is present the embryogeny is typically endoscopic,

the suspensor and foot being formed adjacent to the neck of the arche-

gonium and the shoot apex being directed inwards. In exoscopic

embryos the sporophyte apex is directed towards the neck of the

archegonium. The embryos of bryophytes, Psilotales, Equisetales and

of Isoetes are exoscopic; those of the Lycopodiales, Marattiales,

gymnosperms and flowering plants are endoscopic; those of the lepto-

sporangiate ferns are lateral. The presence or absence of a suspensor

has been accorded an important place in comparative embryology.

We may, nevertheless, ask if the difference is truly one of fundamental

importance. Relatively minor, though consistent, differences in zygotic

reaction systems, or zygotic environments, may account for the presence

or absence of a suspensor, i.e. may determine the inception of more
active protein metabolism at one pole. As we have seen, the fact that

the apical region of an endoscopic embryo is thrust into the prothallial

tissue makes no important difference to its axial development and
organisation, as compared with an exoscopic embryo. In Whitaker's

experimental studies of Fucus eggs, it was found that small differences
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in pH, or in the intensity of illumination, on opposite sides of the

zygote, may set in motion the reactions which determine the con-

spicuously polarised morphological development of the young plant.

So, too, in the enclosed zygotes of bryophytes, ptcridophytes, and seed

plants, the orientation of the embryo may be attributable to relatively

minor factors, though these become incident with a very high degree of

constancy during the development of each particular species. In this

connection the eusporangiate ferns are of special interest. In the genus

Botrychium, some species, e.g. B. hmaria, have no suspensor, whereas

others, e.g. B. obliquwn, have a conspicuous and well developed one.

In B. hmaria. Fig. 3 If, the zygote is still spherical or subspherical when
it divides to yield an epibasal segment contiguous with the archegonial

neck; but in B. obliquum. Fig. 31g, h, the zygote undergoes considerable

elongation and divides unequally by a transverse wall so that a large

suspensor cell lies next to the neck while the small embryonic cell is

thrust into the gametophyte tissue. Now here we have two species of

the same genus (or, at any rate, indisputably related species, should

Botrychium be split into two genera), in which the initial embryonic

developments are very different. But we cannot regard the genetical

differences between the species as being of great magnitude. Similar

evidence is afforded by the Marattiales. In Angiopteris evecta (Fig. 32)

in particular, the embryo is sometimes observed with a suspensor and

sometimes without one. There are thus grounds for the view that the

presence or absence of a suspensor is a phenomenon which may have

been rated above its true genetical or physiological importance. If this

conclusion is valid, we begin to see that, in the matter of their early

embryogeny, the phyletic gaps between bryophytes, ptcridophytes and

seed plants may be less considerable than has been supposed,

TOWARDS A STATEMENT OF THE PRINCIPLES OF EMBRYOGENESIS

The factors which determine the embryonic development must be

much more fully explored before embryological data can be used with

safety in taxonomy and phylogeny. In so far as formal and structural

features can be shown to be largely due to extrinsic factors, to that

extent they lose their value in phylesis. What seems to be most needed

at the present time are working hypotheses relating to embryogenesis

and a statement of the principles of embryonic development.

In plants, with their 'continued embryogeny,' hypotheses relating

to morphogenesis and embryogenesis will largely, though not com-

pletely, overlap. General features in the development of embryos in all

clisses of plants have already been considered (p. 317) and the factors

which may be involved have been discussed (p, 319). In this section

an attempt is made to prepare the way for a statement of the principles
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of embryogenesis. The basic assumption is that the zygote of any

species is a highly complex and specific organic reaction system.

If the initial distribution of metabolites in the ovum or zygote is

homogeneous, a drift towards heterogeneity soon begins, physiological

gradients in the surrounding tissue being probably causally involved.

These may determine the polarised distribution of particular meta-

bolites in the egg. In algae, the ova, if initially homogeneous, soon

become heterogeneous under the impact of factors in the environment.

This polarised distribution of metabolites, which underlies the fila-

mentous or axial development of the zygote, is of profound importance

in the ensuing embryonic development. Whether or not a zygote has a

specific cytoplasmic organisation of some kind must remain an open

question. The polarity of the young embryo, and all the morphological

and histological features by which its development is characterised, are

primarily referable to an antecedent patternised distribution of meta-

bolites. The inception of a biochemical pattern in the zygote, and the

successive changes in it during the embryonic development, are held to

be due to the reactions of the gene-determined components of the

system, to the impact of physical and environmental factors, and to

various organismal relationships which develop during growth. The

visible, specific organisation, in short, is due to the hereditary con-

stitution and to the inception and elaboration of a specific biochemical

pattern. The basic problem in embryogenesis and morphogenesis is

thus to discover how patternised distributions of metabolites, and,

in particular, of morphogenetic substances, are brought about. Turing

(1952) has indicated how an initially homogeneous diff'usion reaction

system, of the kind that may be present in a developing zygote, may
become heterogeneous and give rise to a patternised distribution

of metabolites, thus affording a basis for a morphological or histological

pattern.

Since the main physiological processes are common to all classes of

autotrophic plants, we may assume that their ova contain (a) meta-

bolites, or reacting substances, which are common to all, e.g. inorganic

nutrients, carbohydrates, organic acids, amino-acids, enzymes, etc., and

(b) substances, or combinations of substances, which are characteristic

of the species. A zygotic reaction system may therefore be expected to

develop some morphological and structural features which are common
to all embryos and others which are particular to the species, genus or

family. In these reaction systems, also, particular genes, or gene-

determined substances, will enter actively into the reactions at par-

ticular times, this being determined by a number of circumstances

(Mather, 1948; Darlington and Mather, 1949) and they will therefore

have a greater or less importance at different phases of development.
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A biochemical theory would thus afford the basis for both the general

and the specific aspects of embryogenesis.

In attempting to refer embryogenesis to physical and chemical

factors, it has always to be borne in mind that even the simplest cell is

a very complex system, the product of a long hereditary process. Each
species, in fact, is a unique physical system.

As an embryo enlarges, the underlying reaction system apparently

changes in a characteristic manner. The epigenetic development, which
is recognised as being characteristic of plant growth (each stage of

development being affected by the stages preceding it), could be referred

to the regulated metabolic changes in the morphogenetic regions ; and
the progressive organisation which becomes evident during develop-

ment could be ascribed to changes in the initial reaction system under

the impact of genetical and environmental factors. Changes in the

reaction system during development would also account for another

important phenomenon, namely, the competence of cells to react to

morphogenetic and other stimuli. Any contemporary biochemical

theory of embryogenesis will unavoidably be a vast over-simplification

of the processes actually involved in it. To know how different meta-

bolites may react and become distributed so as to constitute a particular

pattern is to describe only a part of the morphogenetic process : the

energy relations within the system, and the physical properties of the

reacting substances and of the final products, must also be known.
The evidence thus far available is consistent with the view that, in the

actual determination of form and structure, physical factors, such as the

forces of cohesion, surface tension, gravity and so on, are of primary

importance. The segmentation pattern in many embryos, for example,

is in close agreement with Errera's law, the position and orientation

of the new walls being largely determined by the forces developed in

the enlarging cells.

It is difficult to be specific about a phenomenon such as organisation,

but, from the considerations now before us, we begin to see that an

activated organismal diffusion reaction system will behave in charac-

teristic ways, yielding a patternised distribution of substances; and that

in relation to the biophysical properties of these substances, to various

physical factors which become incident, to factors in the environment,

and to mathematical relationships, the specific form and structure of

the organism will begin to become manifest and will change in a regu-

lated and harmonious manner during growth to the adult state. These

regulated and specific developments are what we mean when we speak

of organisation. The writer's conception of the morphogenetic process,

culminating in the organisation of the adult, is indicated diagram-

matically and in a condensed form in the table on p. 332. From a
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A. Zygote or spore with sub-microscopic organisation

and a specific genetical constitution (comprising

nuclear and cytoplasmic genes) which control meta-

bolic processes in the cytoplasmic substrate.

B. Under suitable environmental conditions, gene-

controlled enzymes, auxins, etc., become available

and active; nutrients are taken up, or mobilised

from reserves in the zygote; growth begins.

C. The polarity of the enlarging embryo is determined

by inherent factors and factors in the environment,

the initial partition wall being at right angles to the

axis.

D. On further growth, the dispositions of the succeeding

partition walls are in general conformity with the

principle of cell division by walls of minimal area.

C^D^. Concomitantly with C and D, a differential utilisa-

tion of metabolites at the apical and basal poles is

established, the former becoming the locus of active

protein metabolism and meristematic activity.

E. Increase in size brings changes in spatial relation-

ships: there is a decrease in the ratio of surface to

volume, a separation of parts and the distinction of

superficial and inner tissues; the specific diff"usion

reaction system in the apical meristem determines

the patternised distribution of metabolites and this

constitutes the basis for the inception of organs and
tissues.

E^. Concomitantly with C, D and E, biophysical and

physical factors become incident and have a large

share in determining form and structure; also,

growth centres and their physiological fields are

established and diffusion gradients set up; and these

are important in determining the integrated, regu-

lated or harmonious development of the organism.

F. The distal apex continues as a self-determining mor-

phogenetic region, the tissues to which it gives rise

becoming the mature, rigid tissues of the axis.

The Organisation—the regulated inception and

development of form and structure—characteristic

of the species becomes manifest as development

proceeds.
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consideration of this scheme, it will be seen that vitaHstic hypotheses

such as that of Driesch (1908) are unnecessary. Equally it seems

improbable that there can be any simple theory of embryogenesis and
morphogenesis. J. T. Bonner (1952) regards morphogenesis, or the

emergence of an organismal pattern, as being referable essentially to

the progressive, constructive processes of growth, morphogenetic

movement and differentiation : and to the limiting of these processes

in various ways by intrinsic and extrinsic factors which check, guide and
canalise them. He also advances the thesis that a sustaining aim should

be a search for a micro-theory which would explain in a satisfying

manner the general phenomena of development, such a theory being

more likely to afford an insight into the inner mechanism of the relevant

phenomena than any other kind of theory. By a micro-theory he does

not imply that all the phenomena of biology are to be brought down to

physics and chemistry: some kind of intermediate micro-theory may
prove quite satisfactory. Bonner does not advance any micro-theory,

but he indicates that the kind that would be satisfying would be one in

which, as in crystal structure, the organism could be envisaged as being

essentially constructed of small repetitive units. Having in mind the

complex nexus of factors involved in embryogenesis, it seems improb-

able to the present writer that this kind of theory will prove adequate.

The diffusion reaction theory of morphogenesis (Turing, 1952;

Wardlaw, 1953) could be regarded as contributing to a micro-theory.

But, during the individual development the reaction system will change

constantly, each successive biochemical pattern being partly deter-

mined by, and based on, the preceding ones, and in turn helping to

determine those which follow.

THEORY OF RECAPITULATION

The theory of recapitulation, or the biogenetic law—that the

ontogeny of the individual organism is a recapitulation of the phylogeny

of the race—as proposed by Haeckel (1866, 1875), has not been generally

accepted by botanists or zoologists, though it retains a certain historical

interest. According to this theory, phylogeny determines ontogeny, the

development of an individual organism affording a kind of history of

its race, the adult states of the ancestors being repeated in a condensed

form during the early development of the descendants. There is some
evidence which, at first sight, seems to support Haeckel's view; but

on closer analysis the theory has not been found valid; in fact, much
evidence has been urged against it. Haeckel's theory is closely com-
parable with that of Muller (1864) who held that, in its development

from the egg, an animal might either pass through and beyond the

ontogenetic stages of its ancestor, i.e. eventually overstepping the
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latter's adult state, or show a progressive deviation from the ancestral

ontogeny. The first is a theory of parallelism ; the second is like one

of von Baer's laws {see below). In contrast to Haeckel, Miiller based

phylogeny on ontogeny; for it is by modifications during the process

of development that descendants, in their adult state, come to diff'er

from their adult ancestors. The contemporary view is that phylogeny

is the result of ontogeny (Garstang, 1922; de Beer, 1951): no case is

known in which the evolutionary modification has taken the form of an
addition of a new terminal phase to the final phases of some alleged

ancestral form. Where a critical attempt has been made to prove the

theory of recapitulation, as has been done in zoology, the theory has

been found to be invalid. As de Beer (1951, p. 51) says, there 'is

embryonic similarity and repetition of characters in corresponding

stages of the ontogenies of ancestor and descendant, which reveals the

affinity between different animals, but supplies no evidence of what the

adult ancestral form was like.' As early as 1828 von Baer, from a

study of animal development, had reached the following important

conclusions—known as the laws of von Baer (after de Beer, 1951, p. 3).

1. In development from the egg, the general characters appear

before the special characters.

2. From the more general characters the less general and finally

the special characters are developed.

3. During its development an animal departs more and more from
the form of other animals.

4. The young stages in the development of an animal are not like

the adult stages of other animals lower down on the scale, but are Hke
the young stages of those animals.

Some points from de Beer's discussion of this field of research may
be briefly indicated here. Since modifications in ontogeny are due to

changes in hereditary factors, a phylogenetic sequence is the result of a

ssquence of modified ontogenies. Evolution is brought about by

significant qualitative and quantitative genetical changes. Factors

determining new characters, which may appear at all stages in the

ontogeny, may, during further changes, be accelerated or retarded in

their time of action, sometimes with momentous morphological

consequences. Characters which are present in the early ontogeny, and
provided they are not too specialised, may through paedomorphosis be

important in the evolutionary process in that large structural changes

are produced without loss of plasticity. {Paedomorphosis connotes the

production of phylogenetic effects by the introduction of youthful

characters into the line of adults; paedogenesis is the process by which
the appearance of embryonic or early ontogenetic characters is retarded

until the adult stage.) The conception and evidence of paedomorphosis
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afford a means of explaining, or bridging, some of the gaps in the fossil

record. De Beer (1951, p. 140) also points out that a character which

appears in the early embryogeny is not necessarily primitive or early in

the phylogenetic sequence. In short, a knowledge of phylogeny does

not enable us to explain the events in the embryonic development.

'Even if we had a complete phylogenetic series of adults ancestral to

any given descendant, it would not help us to understand the processes

of fertihsation, cleavage, induction, differentiation, organogeny, etc.,

which take place in the ontogeny of that descendant. The historical

descriptive study of evolution has no bearing on the causal analytic

study of embryology' (de Beer, p. 142). And conversely, even the most

adequate knowledge of ontogeny would not of itself explain the

essentially historic facts of phylogeny. 'But since phylogeny is but the

result of modified ontogeny, there is the possibility of a causal analytic

study of present evolution in an experimental study of the variability

and genetics of ontogenetic processes.'

THE PLACE OF EMBRYOLOGY IN BOTANICAL SCIENCE

One of the more general aims in contemporary botanical science is

to explain how specific organisation is brought about. The relevant

studies properly begin with investigations of zygotic constitution and

development and the assumption of form and structure in the growing

individual plant under the influence of genetical, physiological, physical

and environmental factors. The knowledge so gained will make for a

more adequate understanding of the conformation of the adult plant

and it may well lead to a new or modified outlook on the taxonomic and

phylogenetic significance of various morphological and structural

features.

In recent years a number of concepts have gained ground as

affording at least partial explanations of formative processes in plants,

e.g. that the shoot apex is a self-determining primary morphogenetic

region, that leaf formation and phyllotaxis may be due to the inception

of growth centres or morphogenetic fields at the apex, that the inception

or initial differentiation of vascular tissue is due to basipetal effects

proceeding from the apices of shoot and leaf primordia, that physio-

logical gradients and the nutritional status of the apex are important

in morphogenesis, and so on. These conceptions, largely based on

morphological and experimental studies of the apex, do not appear to

be in any way invalidated by the present survey of embryonic develop-

ment. On the contrary, they are supported; and, indeed, it may be

claimed that our conception of factors which may determine the incep-

tion of pattern and the progressive organisation during the individual

development, has been enhanced and deepened.
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The descriptive and pictorial aspect of plant embryology, though by

no means complete, is well advanced. On the other hand, with some

notable exceptions, little has been achieved in the field of experimental

and chemical embryology—certainly nothing that is comparable with

the achievements of zoologists. Botanical workers in these fields

have been few, possibly because of the technical difficulties in handling

the small and usually rather inaccessible embryos. It may be that these

difficulties have been over-rated. A determined effort to make new
discoveries in experimental embryology is just as likely to succeed as

experimental work of apices which, not so long ago, was viewed in

much the same way. That pure culture technique can be adapted to

embryo culture has been shown by various investigators, while surgical

techniques have been successfully attempted, though only to a limited

extent. Whitaker and his colleagues have shown what can be achieved

in the experimental manipulation of Fucus eggs, D'Arcy Thompson
and others have been impressed by the probable importance of physical

factors in morphogenetic processes, including those in embryos. It is

very desirable that the hypotheses which have been proposed should be

tested experimentally. In contemporary studies of physiological

genetics, one of the aims is to discover how and when particular genes

act to produce their specific growth and morphogenetic effects. The

constancy and specificity of the embryonic developmental pattern in

flowering plants, and the occurrence of characteristic anomalous

developments in certain hybrids, make it probable that embryological

investigations of related plants of known genetic constitution may
yield information of particular interest. The activation of the ovum
at fertilisation, and the nutrition, growth and development of the

embryo, undoubtedly afford a wide field for study.

The foregoing points give some indication of the ways in which

botanical science can be advanced by the study of embryos. But it may
well be that the really important problems will only be uncovered or

envisaged when substantial progress has been made in the experimental

work. Lastly, since in embryos we are dealing with cells and tissues,

either in the primary embryonic condition, or in the process of becoming

differentiated, comprehensive studies of the relevant protein chemistry

must be given first place in all investigations that claim to be of a

fundamental character.
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